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(Received for publication. May 22, 1948) 


If the^ activity of an enzyme preparation is detennmed under conditions 
'Hhicli a further mcrease in substrate concentration is without demon- 
'•able effect, all other factors bemg held constant, it is ordmanly assumed 
^t the specific activity of the enzyme, expressed m terms of arbitraiy 
*/s per umt weight of the enzyme, is mdependent of the absolute enzyme 
icentration (1, 2) However, -with urease solutions stabihzed with hy- 
' 5gen sulfide or cysteme (1) we have observed that the specific activity 
, a given urease preparation, when determmed under the above conditions, 
reases ivith decreasmg apparent enzyme concentration over a vide range 
concentrations and that this mcrease m specific activity proceeds inth 
aeasurable velocity at temperatures aboxe 15“ This phenomenon was 
erved with crude urease preparations, such as jack bean meal, and with 
0 , three, and seven times reciystalhzed urease Smce httle or no differ- 
e was observed m the behavior of three and seven times recrystalhzed 
'ase, the data presented m this paper are limited to those obtamed mth 
ice recrystalhzed preparations Urease activity was determined by a 
idification of the procedure descnbed by Van Slyke and Cullen (3) The 
>1 ecision of the modified procedure was ±2 to 3 per cent 


EXPERIMENTAL 

Determmaiion of Urease Acliinly 

Reagenis — ^The buffer solution, 0 1 M in phosphate adjusted to pH 7 0, 
‘ in all expenments was prepared from dipotassium hydrogen phosphate 
jotassium dihydrogen phosphate The 10 m solution of urea was pre- 
id daily in order to mmimize the effects of bactenal contamination 
ue crystallme urease uas prepared from jack bean meal by the method 
I Dounce (4), all operations subsequent to the initial extraction bemg 
vmed out at 5“ Thnce recrystalhzed urease from 200 gm of meal v as 
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SPECIFIC ACTIVrrY OP UREASE 


dissolved m 3 to 5 ml of water, 1 per cent saturated with hydrogen sulfide, 
and this stock solution kept at 5° prior to its use Hydiogen sulfide so- 
lutions were prepared daily by appropriate dilution of a solution saturated 
at 0° Redistilled watei was used in all cases 
Procedure— Clean 18 X 150 mm reaction tubes were charged with 2 0 
ml of buffer solution and 1 0 ml of 1 0 M urea solution (or standard am- 
monium sulfate solution containing 100 y of ammonia nitrogen pei ml ) and 
placed in a constant tempeiature bath at either 25° or 15° IVhen thermal 
equilibrium had been attamed, the enzyme solution was added (usually 
1 00 01 0 79 ml ) and the time noted After the desiied time mterval had 
elapsed (usually 2 minutes), 0 5 ml of 1 0 M sulfuiic acid was added to each 
of the tubes, the latter were shaken and placed m an ice bath Exactly 
10 ml of 0 01 M sulfuric acid weie placed meach 18 X 150 mm absorption 
tube and the tubes fitted ivith rubber stoppers, each bearmg a 4 mm glass 
inlet tube and a capillary type critical oiifice designed to permit an air 
flow of 300 to 400 ml per minute To each of the reaction tubes in the 
ice bath weie added 3 to 4 gm of anhydrous potassium caibonate, and the 
tubes were fitted wth rubber stoppers, each bearing a 4 mm inlet tube as 
well as a 4 mm XJ-tube servmg to connect the reaction tube with the 
absorption tube Each reaction tube was connected to an absorption 
tube with a short length of rubber tubmg and placed m a 55° bath, the 
inlet and outlet tubes connected to manifolds, and the aeration started 
After 20 minutes each reaction tube was disconnected and shaken so as to 
wash doivn the sides of the tube with carbonate solution After this proc- 
ess, the tubes were reconnected and allowed to aerate for a second penod 
of 20 mmutes, when the washing process was repeated Aftei a final 20 
minutes aeration the absoiption tubes were disconnected and placed in an 
ice bath To the chilled contents of each of the absorption tubes was added 
1 0 ml of Nessler’s leagent (5), the tubes weie removed from the ice bath, 
and after 10 minutes the intensity of the color measured m a Klett color- 
imeter With the apparatus at our disposal it was possible to nm eleven 
deteiminations simultaneously and in every such senes two or more de- 
terminations were blanlts m which either the urea solution or the urease 
solution was replaced by an equal volume of water or standaid ammonium 
sulfate solution Tor precise results such blank deteiminations were found 
to be necessaiy The conversion of coloiimeter readings to miciomoles of 
ammonia w'as based upon a senes of determinations of the ammonia le- 
coveiable in the range of 10 to 200 y of ammonia nitrogen fiom a standaid 
solution of ammonium sulfate The specific activity was calculated from 
the relation specific activity = lOx/ta, wdiere x = the number of micro- 
moles of ammonia liberated, t ~ the time in mmutes dunng w^hich hydrol- 
ysis occurred, and a = the micrograms of protem mtrogen piesent m the 
solution 
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Dilution Experiments 

Procedure — ^Relatively concentrated solutions of thnce recrystallized ure- 
ase in water 1 per cent saturated unth hydrogen sulfide, i e , containing 
300 to 1500 y of protein nitrogen per ml , were diluted with solutions of 
hydrogen sulfide or cysteme previously adjusted to pH 7 2 to 7 5 by the 
addition of anhydious potassium carbonate * The specific activity of ure- 
ase m these solutions was then determmed as a function of time, zero time 
bemg taken as the tune of mixmg In those experiments in which a step- 
wise dilution technique was employed the solutions were allowed to stand 
at 25° for 2 hours after the initial dilution A 1 10 6000 stepwise dilution 
IS defined as an initial 1 10 dilution which has subsequently been diluted 
to effect a final over-all dilution of 1 6000 The data obtamed in these 
experiments are given m Tables I to III 

Determination of Michaelis Constants 

Procedure — ^The kinetics of the hydrolysis of urea by thnce recrystalhzed 
urease were studied at 25° and pH 7 0 The activity of the urease so- 
lutions was determined as described previously and the rate of determi- 
nations were made at nme different urea concentrations, i e , 0 004, 0 005, 
0 006, 0 007, 0 008, 0 010, 0 015, 0 025, and 0 250 m urea The data so 
obtained were found to obey the Michaehs-Menten equation, v = 
VS/iKm -f S), IV here v — the rate of hydrolysis at a urea concentration 
S and V == the maximum or limitmg rate of hydrolysis over the concen- 
tration range of substrate studied In practice it was found convenient to 
follow the suggestion of Lineweaver and Burke (6) and to transform the 
onginal Michaelis equation mto its linear form \/v = Km/VS + l/V for 
evaluation of the data It should be noted that the concentration of urea 
corresponding to a given rate was always taken as the average urea con- 
centration obtaming dunng the determination of that rate 

DISCUSSION 

The dependence of the specific activity of urease upon the apparent 
enzyme concentration m systems con taming hydrogen sulfide was first ob- 
served when relatively concentrated solutions of urease in water contammg 
hydrogen sulfide were diluted approximately a thousand fold vnth the same 
solvent ^ It vv^as further observ'ed' that m the absence of hydrogen sulfide 
rapid inactivation of the urease occurred and that the effect observ'ed mth 
solutions contammg hydrogen sulfide could be obviated by the presence of 
silver ion In earher experiments it was not appreciated that urease is 

* The pH of water 1 to 10 percent saturated with hydrogen sulfide was found to 
V arj between 5 5 and 4 5 

* Unpublished experiments of the authors 
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slowly inactivated at pH 4 5 to 5 5 in solutions containmg hydrogen sulfide 
However, it was found that this inactivation could be minimized or sup- 
pressed by mamtammg the systems at appio\imately pH 7 at all times 
The data piesented in Columns 2 and 3 of Table I aie typical of those 
obseiwed when lelatively concentiated solutions of uiease aie diluted at 25° 
and pH 7 with watei containing hydiogen sulfide and the specific activitjf 
of the uiease in these solutions determmed as a function of time, with zero 
time as the time of mixing The initial values aie not paiticularly accu- 
rate, since the actual determination of uiease activity requiies a minimum 
of 2 minutes if piecise results are to be obtamed Nevertheless the data 


Table I 

Dilulton of Urease Sohdtotis with Water 1 Per Cent Saturated ivith Hydiogen 
Sulfide at 25° and pH 7 2 to 7 5* 


Time after 
dilution 

Specific activity at 25°, pH 7 Of 

1 dOOO dilution 

1 4 6000 

dilution 

1 10 6000 dilution 


Experiment I 

Experiment 11 

Experiment I 

Experiment II 

Experiment I 

Experiment II 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

mtn 




1 

1 



2 

136 

131 

138J 

146J 

156 


10 

141 

134t 

145 

151 

161 


30 

149 

139 

156f 

154 

168 


70 

169 

163 

186 

170f 

181 

BIB 

120 

1S6 

175 

207 

186 

196 


ISO 

19S 

19U 

218 

1 

203t 

1 204 

240 

210 

207 

22S 

204 

210t 


300 

220 


228 

1 

1 

217 

1 


* The ouginal urease solution contained 1365 y of protein nitrogen per ml 
t Average of duplicate determinations, agreeing ^\ltllln ±2 per cent 
J Obtained from a smooth curve through other points of the series 


in Columns 2 and 3 of Table I cleaily illustrate that the specific activity 
of the uiease in these solutions mci eases with time 
The increase m the specific activity of urease upon dilution noted abo\ e 
Mas obseived ivhen urease solutions containing 1365 y of protein nitrogen 
per ml were diluted to give solutions containing appi oximately 0 23 7 of 
protein nitrogen per ml In order to determine ivhethei this effect could 
be obseived ivith dilutions of lower oidei dilutions of 1 4 and 1 10 "were 
employed, these solutions were allowed to stand sufficiently long to attain 
equilibrium, and then diluted uniformly to the point at nffiich it \vas pos- 
sible to determine the specific activity of the uiease contained therein lea- 
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sonably accurately As before, the specific activity of the urease in the 
final solutions was determined as a function of tune (Table I, Columns 4 to 
7) It will be noted that m every case the specific activity mcreased with 
tune and reached, withm experimental error, the same maximum hmitmg 
value Further, it is clear from these data that the imtial 1 4 and 1 10 
dilutions were effective m dmimishmg the percentage change m specific ac- 
tivity observable upon the final 1 6000 dilution, and one may conclude not 
only that dilutions of low order were attended by changes m specific ac- 
tivity, but also that at equihbnum and with relatively high concentrations 
of urease the specific activity of urease is a function of the enzyme concen- 
tration if the latter is taken as bemg equivalent to the amount of protem 
nitrogen present m solution 


Table II 

Dilution of Urease Solutions with Water 1 Per Cent Saturated with Hydrogen 
Sulfide at and pH 7 S* 


Time after dilution 

Specific activity at 15 , pH 7 0, after 1 4000 dilutioa 

Experiment I 

Experiment II 

mrt 



2 

88 

83 

15 

88 


45 

86 

88 

60 

91 

93 


* The original urease solution contained 1365 y of protein nitrogen per ml 


An attempt was made to estimate the magnitude of the temperature co- 
efficient of the above reaction by measunng the change m the specific ac- 
tivity of urease brought about by a 1 4000 dilution of a relatively 
concentrated urease solution at 15° and 25° and at pH 7 3 Unfortunately 
the data obtained m these experiments (Table II) did not justify the cal- 
culation of a value for the temperature coefficient However, they do pro- 
vide evidence that the reaction is dependent on temperature 
The above observations on the behavior of urease m solutions containmg 
hydrogen sulfide suggested the desirability of mvestigating the effects ob- 
servable ivith another so called stabihzmg agent In Table III are pre- 
sented data which were obtained m prelimmaiy expenments m which 
cysteme was used mstead of hydrogen sulfide While these data are not 
as axtensive as those available for hydrogen sulfide, it is clear that m both 
systems similar, but not necessarily identical, reactions are operate e 
The Michaehs constant (1, 2, 7) of an enz3rme is often taken as a char- 
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actenstic property of the enzyme, though it is lecognized (7) that the 
constant may be dependent upon tempeiature and pH ^ Using crude prep- 
arations, Van Slyke and Cullen (3) and Ambros and Munch (8) obtained 
data which give values of 0 011 m urea at 20° and pH i and 0 0082 m urea 
at 50° and pH 7 6 foi the Michaehs constant of uiease With urease so- 
lutions containing 0 065 to 0 095 y of protein nitiogen per ml , which had 
been piepared by dilution with water 1 per cent saturated with liydiogen 
sulfide and allowed to stand at 25° for 3 to 4 houis, values for the Michaehs 
constant of five diffeient uiease pieparations, obtained from two different 
lots of jack bean meal, weie found to be 0 0098, 0 0116, 0 0098, 0 0112, and 
0 0103 u urea at 25° and pH 7 0 respectively The variation in the Mi- 

Table III 


Dilution of Urease Solutions with Solutions of Cysteine at 85° and pH 7 0* 


Time alter dilution 

Specific actn ity at 2S°, pH 7 Of 

0 01 u cysteine 

0 002 u cysteine 

1 SOOO dilution 

1 5000 dilution 

1 4 5000 dilution 

1 10 5000 dilution 

mtn 



mumiiiii 


2 

119 

137 


98 

10 

123 

141 


103 

30 

134 j 

150 

136 

109 

70 

154 

169 

152 

121 

120 

179 

183 

166 

130 

ISO 

188 

190 

171 

132J 

240 

198 

193 

175 

132 

360 

198 

176 

189 1 

150 


* The original urease solution contained 1355 y of protein nitrogen per ml 
t Average of duplicate determinations, agreeing within ±2 per cent 
t Obtained from a smooth curve through other points of the senes 


chaehs constant noted above, ^e 0 0107 ± 0 0009, was somevhat greater 
than that observed, z e 0 0106 db 0 0003, wdien the constant of a given 
urease preparation was redetermmed at mtervals over a period of several 
months 

The fact that a substantial increase m the specific activity of urease is 
observed nhen a relatively concentiated solution of uiease in water con- 
taining liydiogen sulfide or cysteine is diluted with the same solvent appeals 
to preclude the possibility that the effect obseiwed is simply an activation 
of uiease by liydiogen sulfide oi cj-'steme (9) An alternative explanation 
may be that the urease molecule dissociates into smaller units upon dilution 
and that this piocess is accompanied by an mciease in the numbei of le- 

^ Ionic strength and the nature of the buffer may also be important variables 
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active sites, the hydrogen sulfide or cysteine merely serving to prevent in- 
activation A second explanation may be that the crystalline urease 
preparations are contammated with a naturally occurring inhibitor, which 
IS not removed by the repeated reciystallization of urease from relatively 
concentrated solutions, and that the urease-inhibitor complex dissociates in 
dilute solutions, the degree of dissociation bemg a function, ivithin limits, 
of the degree of dilution Although there are insufficient data to determine 
whether all of the above hypotheses are operative or whether any one should 
be completely excluded, it is clear that the observed effect must be taken 
mto account if studies on urease action are to be properly evaluated 

SUMMARY 

It has been obsen^ed that the specific activity of urease in solutions con- 
taining hydrogen sulfide, or cysteine, and expressed m terms of arbitrary 
units of urease activity per unit weight of enzj-me taken as protein nitrogen 
IS dependent, within limits, upon the apparent enzyme concentration The 
Michaelis constants of several urease preparations have been determuied 
at 25° and pH 7 0 under conditions mimmizmg the above phenomenon 

BIBLIOGRAPHY 

1 Sumner, J B , and Somers, G F , Chemistry and methods of enzymes, New York, 

2nd edition (1947) 

2 Van Slyke, D D , in Nord, F F , and Workman, C H , Advances in enzymology 

and related subjects, New York, 2, 33 (1942) 

3 Van Slyke, D D , and Cullen, G E , y Biol Chem , 19, 211 (1914) 

4 Dounce,A h ,J Biol CAem , 140, 307 (1941) 

5 Bock, J C , and Benedict, SR,/ Biol Chem , 20, 47 (1915) 

6 Lineweaver, H , and Burke, D , / Am Chem Soc , 66, 658 (1934) 

7 Haldane, J B S , Enzymes, Monographs on biochemistry, London (1930) 

8 Ambros, 0 , and Munch, H , Z physiol Chem , 187, 252 (1930) 

9 Hellerman, L , Chinard, F P , and Deitz, V R , / Biol Chem , 147, 443 (1943) 




r 


STUDIES ON DIPEPTIDASES 

ir SOME PROPERTIES OF THE GLYCYL l-LEUCINE DIPEPTIDASES 
OF ANIMAL TISSUES* 

By EMIL L SMITH 

(From Ihc Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Deyarlments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lai e City) 

(Received for publication, May 22, 1948) 

One of the mam problems connected with the study of peptidase activi- 
ties concerns the indmduahty and specificity of the enzymes which are 
responsible for the hydrolysis of the many peptides which can be split by 
animal tissues Thus far, only a few exopeptidases have been extensively 
studied, and the problem of classification of these activities demands 
considerable mvestigation pnor to the actual isolation of these enzymes 
The apparent instabihty of most of the enzymes which act on simple pep- 
tides has rendered the task of punfication qmte difficult Hovever, since 
it has become clear that many of the peptidases require the presence of 
heavy metals for full activity, the position is now somewhat better for 
estabhshmg the conditions for the study of these enzymes 

The present investigation deals with the enzymes which are responsible 
for the hydrolysis of glycyl-L-leucine (GL) as these are found in hog intes- 
tinal mucosa, human uterus, and in rat and rabbit muscle These enzymes 
all exhibit the specificity charactenstics of dipeptidases, since the peptide 
denvatives which do not contain both free ammo and free carboxyl groups 
are resistant to hydrolysis Like the glycylglycme dipeptidase discussed 
earlier (2), the activity towards GL does not appear to parallel the hy- 
drolysis of any other peptide which has been studied The GL-sphtting 
enzymes are, therefore, tentatively classified as specific glycyl-i^leucme 
dipeptidases 


Effect of Metal Ions 

It has been found that the GL-splitting enzymes of different tissues may 
be quite specific in the type of metal which is required for activation For 
example, ivith extracts of hog mtestinal mucosa the hydrolysis of GL is 
activated by Mn++, while the enzyme of human uterus is specifically ac- 

* This investigation was supported by a grant from the United States Public 
Health Service A report on a part of this work was presented at a meeting of the 
Amencan Society of Biological Chemists at 4.tlantic City (March, 1948) (1) For 
the first paper in this senes, see (2) 
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tivated by A complicating factor is that all of these enzymes are 

inhibited by Ca++ Guide extracts of the tissues seldom exhibit their 
maximal acti\ ity, except in the presence of phosphate The behavior of 
the enz 3 mies m the piesence of divalent metal ions will be discussed sepa- 
rately for the diffeient tissues 

Hvman Ulcnis—Yig 1 shows some of the data obtained with an aqueous 
extiact of an acetone powdei prepaied fiom a filteied watei extiact of 
human uterus (3) In the pi esence of both Zn++ and phosphate, a maximal 
rate of splitting is found, and the reaction proceeds with the kinetics of a 



Fio 1 Effect of metal ions and phosphate on the hydrolysis of glycyl-L-leucino 
by an cnrjinc preparation fiom human uterus The experiments were performed at 
40° at pll 7 8 to S 0 at an enzyme concentration of 0 0102 mg of protein N per cc 

fust Older reaction In the absence of phosphate (no buffer added), the 
h^'diolysis IS inhibited by Ca++ and, moie suipiisingly, by Zn"^ also 
Addition of phosphate alone gives a gradually increasing rate as compaied 
to the contiol Simultaneous addition of phosphate, Ca++, and Zn++ 
giadinllj’^ level ses the mhibitoiy effect of Ca++ 

While phosphate is faiily specific in alloning the maximal activity of 
the enzyme to be manifest, citrate is partially effective The lowei thiee 
expel iments in Fig 2 were conducted in the piesence of 0 02 hi veronal 
biiilei It IS apparent, however, that highest activity is obtained only with 
the combination of Zn++ and phosphate, and that citiate is not completely 
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effective m reversing the inhibitory effect which Zn++ has m the absence of 
phosphate The GL dipeptidase of uterus is not activated by other metal 



Fig 2 Effect of citrate on the hydrolysis of glyoyl-L-leucme by an enzyme from 
human uterus The experiments were performed at 40° at pH 7 8 to 8 0 at an enzyme 
concentration of 0 0102 mg of protein N per cc The three experiments at the bottom 
of the graph were carried out in the presence of 0 02 m veronal buffer 

Table I 

Effect of MetaU on Hydrolysis of Glycyl-jAeucine 
The experiments were performed at 40° and at pH 7 7 to 7 8 The metals were 
present at a concentration of 0 001 m The preparations of hog intestinal mucosa and 
rat muscle were filtered aqueous extracts The preparations from rabbit muscle and 
human uterus were made from acetone powders obtained from the water extracts of 
these tissues 


Tissue 

BuSer 

Protein 
N per cc 
test 

solution 

Tune 

•5 

Hydro 

t 

a 

A 

lysis 

!■ 

, per 

t 

a 

N 

cent 

t 

o 

U 

t 

ta 





mr 

Arj 







Hog intestinal mucosa 

0 

02 M veronal 

0 52 

0 5 

76 

39 

45 

32 

20 

41 






1 

106 

49 

62 

46 

37 

71 

Rat muscle 

0 

02 

tt it 

0 47 

1 

69 

40 

67 

21 

41 

72 


0 

1 

" phosphate 


1 

72 

51 

79 

83 

51 

03 

Rabbit muscle 

0 

02 

“ veronal 

0 43 

5 

22 

55 

24 

16 

51 







24 

69 

103 

74 

40 

103 


Human uterus 

0 

1 

“ phosphate 

0 0069 

2 

31 

19 

27 

45 

14 



ions which have been tested In fact, inhibition is produced by Mg++ or 
Co++ (Table I) 
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It should be noted that, in a few instances, Zn++ activated the enzyme 
even in the presence of veional buffei (3) However, foi completely re- 
producible results and for maximal activities, it has been found desirable 
to use phosphate buffei 

Rat Mtisclc — Crude aqueous extracts of rat muscle contain a GL dipep- 
tidase which is veiy similai to that of human uteius In veional buffer, 
the enzyme is inhibited by 0 001 m Mn++, Zn++, Co++, and Ca++ Mg-H- 
and Fe++ have no effect In the piesence of 0 1 m phosphate buffer, the 
enzyme is strongly activated by Zn++, slightly activated by Mg++, and is 
inhibited by Mn++ and Co++ (Table I) 

Rahhii Mitscle — Aqueous extracts of fresh muscle or of an acetone-dned 
powdei show an Mn++ or Co++ activation of GL hydiolysis in the presence 
of veional oi phosphate Other ions aie inhibitory (Zn++), or show no 
effect whatsoeAmr (Mg++) 

Hog Intestinal Mucosa — A. centrifuged aqueous extract of the mucosa 
displays no effect of activation, and the hydiolysis of GL is inhibited by 
0 001 M Mn++, Co++, Mg++, Zn++, and Fe++ (Table I) A stable prepara- 
tion may be obtained fiom the crude extiact by collecting the piecipitate 
which foims between 0 4 and 0 8 satuiation with ammonium sulfate 
The dialyzed and filteied solution shows a negligible activity m the absence 
of metal ions, but is stiongly and specifically activated by Mn++ TIus 
Piepaiation A was used foi subsequent studies of Icinetics and activation 
behavioi 


Kinetics 

It IS evident from Table II that Pieparation A of hog intestinal mucosa 
IS stiongly activated by Mn++ If the enzyme is not pieincubated mth 
Mn++, a consideiable lag peiiod is found during which the rate of hydrol- 
3 ’’sis of GL giadually inci eases Thus, the leaction between Mn++ and 
protein to foim an active enzyme is a time leaction like that pieviously 
desciibed foi othei peptidases (3-5) After incubation of the protein with 
Mn++ foi 3 houis, the hj'^drolysis of GL pioceeds with the lonetics of a 
fiist 01 del reaction 

^^Hicn activation is pioduced by the specific metal ivith a ciude tissue 
extract, no lag period is shovm in the hydiolysis of the substiate, and the 
hj^diolysis of GL pioceeds as a fiist older leaction For the different ex- 
tiacts, the velocity constants K aie propoitional to the enzyme concen- 
tiation Table III shows that with the uteiine extiact the pioteoljdic 
coefficient C is constant ovei a wide lange in the piesence of Zn++ and 
phosphate buffei It should be noted that, foi these experiments, satisfac- 
tory kinetic measurements can be made with as little as 0 00346 mg of 
protein N per cc of test solution It is evident that the GL dipeptidase of 
uteime tissue is extremely active 
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The expenments with the extract of rat muscle show satisfactory first 
order kinetics in the presence of Zn++ and phosphate It is apparent from 
Table III that even m the presence of Mn++ and veronal, where the full 
activity of the en 2 yme is not manifest, K is proportional to the enzyme 
concentration 

The activation of hog mucosal Preparation A was studied at different 
Mn"*^ concentrations A constant amount of enzyme (0 514 mg of pro- 
tem per cc ) was incubated ivith Mn++ for 3 hours and an ahquot was then 
added to the buffered substrate solution The first order velocity con- 

Tablb II 

Hydrolysis of Glycyl-'U-leucine by Hog Inteslinal Miicosa 
The expenments were performed at 40° in 0 1 m phosphate buffer at pH 7 8 C 
IS the proteolytic coefficient defined as the first order velocity constant K at enzyme 
concentration E, expressed in mg of protein N per cc where C = K/E The enzyme 
was Preparation A 


i 

Conditions | 

1 

Enzymt 
concentration 
m test solution 

Time 1 

Hydrolysis 

C 


nt protein 

If per ec 

1 

hn 

per cent 


No metal added 


3 

1 


Contained 0 001 m Mn"*^, no 


0 5 

1 


prior incubation 


1 

19 




1 5 

29 




2 

48 


Contained 0 003 m Mn"*^ in test 

0 072 

0 5 

17 

0 036 

solution after prior incubation 


1 

32 j 

0 038 

for 3 hrs of 0 02 m MnCk with: 


1 6 

38 

0 032 

enzyme i 


2 

51 

0 035 



1 2 5 

58 

0 035 

! 


1 3 

64 

0 035 


slants are shoivn as a function of log Mn++ concentration in Fig 3 The 
highest Mn++ concentration increases the rate of hydrolysis about 27-fold 
The course of the activation is that of the typical mass law form previously 
described for other peptidases (2, 6) The apparent dissociation constant 
of the metal-protein complex is 1 8 X 10“^ This value must be taken only 
as an approximation, since the expenments were performed in the presence 
of phosphate which may bind some of the metal The true concentration 
of free Mn++ may be loner than that of the total Mn++ present in the 
test solutions 


Specificily 

Although the hydrolysis of dipeptides has frequently been ascribed to 
dipeptidases, evidence has seldom been presented in support of tbis view 
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Table III 

Effect of Enzyme Concentratton on Hydrolysis of Glycyl-h-lcucine 
The measurements nere performed with a crude filtered aqueous e\tract of rat 
muscle, iMth an aqueous extract of an acetone-dried powder of human uterus, and 
^vith a crude aqueous extract of hog intestinal mucosa The tests with uterine e\ 
tract nere made at 40“ in the presence of 0 001 m Zn’*"*" and 0 15 m phosphate buffer at 
pH 7 S The test solutions with the muscle extract contained 0 001 m Mn'^^and vero 
nal buffer The experiments nith the crude intestinal extract contained 0 04 m 
veronal and no added metal ion The proteolytic coefficient C = K/E, where K is 
the first order velocity constant for the enzyme concentration E given in mg of 
protein N per cc of test solution 


Tissue extract 

1 

Enzyme 
concentration | 

Time 

Hydrolysis 

K X 10-» 

C average 

1 

tng protein 1 
N per cc 

hrt 

per cent 



Human uterus 

0 00346 

i 


1 04 

0 30 


0 00692 



1 98 

0 29 


0 0102 



3 04 

0 30 


0 0138 


i 

4 0 

0 29 





4 4 

0 32 

1 

0 0277 



8 3 

0 30 


0 0415 



12 6 

0 30 





11 9 

0 29 


0 0692 



19 

0 27 





20 

0 29 

Rat muscle 

0 109 

7 

28 

0 34 




24 

73 

0 39 

0 0034 


0 163 

3 

18 

0 46 




5 

1 33 

0 57 

I 



6 

39 

0 60 


1 


7 

46 

0 64 

0 0035 


0 218 

2 

1 18 

0 73 

1 

1 


4 5 

35 

0 70 




5 5 

43 

0 75 




7 

54 

0 81 

0 0034 


0 272 

2 

22 

0 89 


1 


3 

33 

0 95 




4 5 

46 

0 97 




6 5 

54 

0 99 

0 0035 


0 408 

1 5 

29 

1 67 




2 

36 

1 59 




2 5 

42 

1 55 


1 


3 

47 

1 55 


Hog intestinal mu-, 


4 

57 

1 55 

0 0039 

0 104 



2 5 

0 024 

cosa 

0 26 

1 


6 4 

0 025 


0 52 



12 0 

0 023 


IMaschmarm (7) has suggested that the hydiolysis of ceitain dipeptides, 
including GL, is performed by substrate-specific enzymes However, 
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tests must be performed with appropnately substituted denvatives m 
order to determine the specificity of the enz3Tne mvoH ed m each instance 
Thus, while the hydrolysis of glj cylglycine is apparentl}" due to a specific 
dipeptidase (2), the hydiolysis of L-leucylglycine is performed by an enzyme 
which has the specificity of an ammopeptidase (5, 8) 

In Table IV aie given some data on the specificity of the extracts of 
human uterus and of rat muscle The uterine extracts show no splitting 
of carbobenzoxyglycyl-L-leucme, indicating that a carboxypeptidase is not 
involved and that a free ammo group is essential The slow hydrolysis of 
carbobenzoxyglycyl-L-leucmamide is not actix ated by Zn++ and requires at 



Fig 3 Effect of concentration of Mn++ (m moles per liter) on the proteoljtio 
ooeffioient for hydrolysis of glycyl-L-leucine by Preparation A of hog intestinal 
mucosa For each expenmental point, the enzyme (0 514 mg of protein N per cc ) 
was incubated with Mn"*^ for 3 hours at 40° in the presence of 0 3 M phosphate buffer 
at pH 7 7 An aliquot was then added to the substrate solution buffered with 0 1 ji 
phosphate at pH 7 8 The concentration of enzyme in each test solution was one- 
fifth of the incubation value Correspondingly, the plotted Mn^ values are those 
for the test solutions, the incubation mixtures contained five times as much Each 
plotted point IS the average of two independent kinetic runs made on successive days 

least 10 times the amount of enzyme necessary for hydrolysis of the free 
peptide This hydrolysis must therefore be due to an endopeptidase of a 
different character 

With the utenne enzyme at a concentration of 0 082 mg per cc , the 
hydrolysis of GL is nearly complete m 1 hour, while the hydrolysis of 
glycyl-L-leucmamide (GLA) proceeds quite slowly With a 5-fold increase 
m enzyme concentration, it was noted that the initial hydrolysis of GLA 
IS slightly inhibited by Zn++, but is strongly activated by Mn"*^ More- 
over, m the presence of Mn"*^ both of the sensitive peptide bonds are hydro- 
lyzed It has recently been found that a highly punfied preparation of 
leucine ammopeptidase rapidly hydrolyzes the amide bond of GLA to form 
GL and ammonia * Smce the ammopeptidase w hich is actn ated bj Mn++ 
IS present in all crude tissue extracts, it introduces a complicating factor 

' Smith, E L , and Slomm, N B , to be published 
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It appeals that the initial hydiolysis of GLA must take place at the amide 
bond by the action of the aminopeptidase, this is followed bj'- the scission 
of the foimcd GL by the dipeptidase 


Glj c} 1-L-leucinaniide 


Lcucinc aminopcntidaso 


Glj cyl-L-leucinc + Nib 


Zn++ 


Gl> cjl-L-lcucinc 
dipeptidase 


Gbcinc + leucine 


Tabic IV 


Specificity of Glyci/l-i lcucinc Dipcphdaic 
The experiments neie performed at 40° in 0 1 m phosphate buffer at pH 7 S with 
a substrate concentration of 0 05 m Caibobcnzo\>glycyl-L-lcuoinamidc was onlj 
partial]}" in solution n 3 'drol 3 "sis is expressed ns 100 per cent for tlie complete 
splitting of one peptide bond 


Tissue 

Substrate 

Enzjme 

concen 

tntion 

Metal 

Time 

H>drol 

ysis 



fftg 





i 

protein A 


hrs 

per cent 



per ee 




Human uteius 

G]yc 3 l-L-leucine 

0 082 

0 001 M Zn++ 

1 

91 


Caibobenzoxygl} cyl-L- 

0 82 

0 001 ” " 

22 

4 


leucine 

1 





Carbobcnzox 3 ’'glyc 3 'l-L- 

0 82 

0 001 “ “ 

5 

28 


leucinamido 



22 

57 


Glycyl-L-lcucinamide 

0 082 

0 001 “ “ 

3 

3 





20 

16 


<( 

1 

0 41 

0 001 “ " 

1 

9 





3 

16 



1 


20 

75 


({ 

1 

0 41 

None 1 

1 

4 



1 


3 

13 





20 

103* 


it 

0 41 

0 001 m Mn++ 

1 

20 





3 

95 





1 20 

165* 


L-Leucinamide 

0 205 

0 001 ” " 

3 

88 

Rat muscle j 

Gl 3 "C 3 1 -L-leucine 

0 24 

0 001 " Zn++ 

3 

84 




0 001 “ Mn++ 

3 

49 


Carbobcnzo\3’'gl3"cyI-L- 

0 95 

0 001 “ Zn++ 

23 

3 


leucine 






Carbobenzox} glycyl-n- 

0 95 

0 001 " “ 

23 

10 


leucinamide 

1 

None 

23 

27 


Gl3"C3 l-L-leucinamide 

1 0 24 

0 001 m Zn++ 

3 

16 





20 

44 




0 001 “ Mn++ 

3 

31 



^ 0 24 

! 

20 

133* 


* 100 per cent for the splitting of one peptide bond 
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If the initial hydrolysis were due to the dipeptidase, Zn++ should exert a 
strong activating effect Since it has not yet been possible to remove the 
aminopeptidase from these preparations, the question must remam open 
whether the enzyme which splits GL has a very slow action on GLA 
Nevertheless, the GL-splittmg enzyme does appear to have the specificity 
of a dipeptidase, since its action on the substituted compounds must be 
very slight indeed 

The crude extract of rat muscle shows a specificity similar to that of the 
utenne extract (Table IV) Here also, the differential effects of Zn++ and 
Mn++ on the sphttmg of GLA can be used to distinguish betiveen the action 
of the Mn++-activated leucine aminopeptidase present in this tissue (3) 
and the Zn++-activated dipeptidase which acts on GL With this extract, 
the endopeptidase action on carbobenzoxyglycyl-L-leucinamide is in- 
hibited by Zn++ 

With extracts of hog intestinal mucosa and rabbit muscle, it is not pos- 
sible to utihze the two metals in differentiating between the leucine amino- 
peptidase and the GL dipeptidase, since both of the enzymes from these 
tissues are activated by Mn'^ Hence, the consecutive splitting of both 
peptide bonds of GLA proceeds ivith great rapidity in the presence of Mn++ 
Nevertheless, since the leucme aminopeptidase of hog mucosa has been 
obtained substantially free of the GL dipeptidase,* it appears legitimate to 
ascnbe to the aminopeptidase all of the activity of the crude extract toivards 
GLA, particularly since the punfied enzyme shows this action to approxi- 
mately the same relative extent as does the crude preparation 

niscussiON 

The demonstration that the hydrolysis of GL is due to a dipeptidase 
provides the second instance in w'hich it has been shoivn that the splitting 
of a dipeptide is due to a specific enzyme The hydrolysis of glycylglycine 
has also recently been indicated to be due to a specific dipeptidase (2) 
Although the use of substituted compounds has provided the e%udence for 
classifying these hydrolytic enzymes as dipeptidases, it is premature to 
conclude that other dipeptides are not hydrolyzed by these enzymes 
The fact that Zn++ is a specific activator for two of the enzymes w'hich 
split GL immediately differentiates these from the many other enzymes 
which split simple dipeptides and which are not activated by this metal 
However, Zn+'*' has recently been reported to be the metal involved in a 
dehydropeptidase (8) We have found that the hydrolysis of gljmyl-n- 
tryptophan by preparations from human uterus is also activated by Zn'*^' 
Nevertheless, it can be stated that the hydrotysis of GL and of glycjd-L- 
tryptophan is due to distinct enzymes, since the GL dipeptidase is de- 
stroyed to a much greater extent by heating to 50° for 10 minutes than is 
the enzyme which splits glycyl-L-tryptophan Up to the present time, we 
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have not been able to obtain any evidence that the dipeptidase which splits 
GL possesses any other type of action 

The assistance of Mis Toshilco Shimizu is giatefully acknowledged 

EXPERIMENTAL 

Hydiolysis was measuied by the titration of hberated caiboxyl groups 
by the method of Gi assmann and Heyde (9) The substi ates wei e present 
at a concentiation of 0 05 m Hydiolysis is expiessed as 100 per cent for 
the complete splitting of one peptide bond The acetone-diied piepara- 
tions of human uteius and of the lat muscle extiact have already been 
descubed (3) The substrates piepaied weie as follows glycyl-L-leucine 
(10) and caibobenzoxyglycyl-L'leucme (11) Carbobenzo\yglycyl-L-leu- 
cinamide and glvcyl-L-leucmamide hydiochloride will be descubed latei ^ 

SUAUIARX 

1 The enzymes of human uterus and rat muscle which hydrolyze 
glycyl-L-leucine (GL) aie activated by Zn++, the coiiesponding enzymes of 
rabbit muscle and hog intestinal mucosa ai e activated by Mn'^^ Maximal 
activity in all cases is obtained with phosphate buffei apparently because 
of the binding of Ca'^ w'hich is an inhibitor of these enzymes 

2 With activating metal and phosphate buffer, the hydiolysis of GL 
proceeds wath the kinetics of a first order reaction, and is proportional to 
the enzyme concentration over a wade range 

3 Aftei piecipitation and dialysis of the GL dipeptidase of hog intes- 
tinal mucosa, the activation by Mn++ is a time i eaction The activity of 
the enzyme at diffeient Mn++ concentrations shows a typical mass law' 
lelationship wath an appaient dissociation constant of 1 8 X 10~'‘ 

4 The GL-sphtting enzymes possess the specificity of dipeptidases, since 
carbobenzoxyglycyl-L-leucine, carbobenzoxyglycjd-L-leucmamide, and gly- 
C3'l-L-leucinamide are hydiolyzed either not at all oi only veiy slowly by 
the dipeptidases 

5 Extiacts of human uterus and rat muscle contain an endopeptidase 
which slow'ly splits carbobenzoxyglycyl-L-leucinamide This hydiolj'sis 
IS not activated by metal ions 
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STUDIES ON DIPEPTIDASES 

III HYDROLYSIS OP METHYLATED PEPTIDES, THE ROLE OF COBALT 
IN THE ACTION OF GLYCYLGLYCINE DIPEPTIDASE* 

Br EMIL L SMITH 

(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Bale City) 

(Received for publication, May 22, 1948) 

The recognition that the hydrolysis of the peptides, glycylglycine and 
glycyl-L-leucme, is due to specific dipeptidases (1-3) has led to a search for 
an explanation of why the responsible enzymes should require such ex- 
tremely specific substrate configurations While a complete descnption is 
obviously not yet possible, a partial answer seems to be m the r61e that cer- 
tain metals play m these hydrolytic reactions It was suggested that, m 
the case of glycylglycine dipeptidase, the function of Co++ is to act as a 
bndge forming a coordination compound involving the substrate, on the one 
hand, and the protein on the other (1) This hypothesis arose from the 
observation that at pH 7 6, where the enzyme is maximally active, Co++ 
coordinates much more readily with glycylglycine (GG) than it does with 
triglycine or glycine, as judged by the relative effect of these compounds 
on the absorption spectrum of Co++ This suggestion has now been sub- 
jected to further test in several ways First of all, it has been found that 
those substituted compounds which are not spht by the enzyme react either 
weakly or not at all with Co++ Secondly, an additional substrate for the 
GG dipeptidase has been found in sarcosylglycme (SG), and this compound 
coordinates readily with Co++ From the closely parallel data of the speci- 
ficity of the enzyme and the specificity of complex formation with Co++, 
some evidence is available regarding the types of linkage mvolved 
The observations with Co++ are facilitated by the charactenstic absorp- 
tion bands which can easily be studied, unlike the coordination of other 
metals with peptides in which we have observed only a change in the ultra- 
violet end-absorption On the other hand, certain difficulties appear in 
this work with Co++, namely, the reversible oxygen binding and subsequent 
irreversible slow oxidation which may occur mth some of these chelate com- 
pounds, as beautifully demonstrated by Burk and his collaborators (4) 
Nevertheless, that other effects may be found in the absence of the enzjme 
should not detract from the pnmaiy matter of whether or not coordination 
takes place 

* This \^ork vras aided by a grant from the United States Public Health Service 
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Specificthj of Glycylglycine Dipephdase 

It IS sho^ra m Table I that two tissue e\tiacts rich in this dipcptidase (I) 
readily split SG and that this hydiolysis is stiongly accelciated by 
the same degree as the hydi olysis of GG Neithei of these e\ti acts has the j 
slightest detectable eftect on glycjdsai cosine oi N-dimethylglycylglj cine, | 
tins IS paiticulaity stuhmg iiith the uteiine extiact, wheie no splittings as 
obsei ved in 21 houis u ith 40 times the amount of enzyme necessary foi com 
plete hydi olysis of GG in 3 houi s Although gly cylsai cosine has prcviouslj 
been shoiim to be lesistant to hydiolysis (5, 6), this has been reinvestigated 
because of the pionounced activation of GG dipeptidase by Co++, iiliich 
was unknown when the eailier woik was peifoimed 


Table I 

Specificity of Glycylglycine Dipeptidase 

The experiments vere performed at 40° in 0 1 ii phosphate buffer at pH 7 6 to 7 7 


Tissue 

Substrate 

Protein N 
per cc. 
ItSl 

solution 

Time 

droll SIS 

0 001 u 
Co*+ 

No 

Co++ 



tn$ 

/;« 

per cent 

per ceil 

Rat muscle 

Glj'cylglycine 

0 20 

3 

93 

IS 


Sarcosj Iglycine 


20 

63 

13 


N-Dimethylglycylgbrnine 

0 SO 

20 

-2 

3 


Glycylsarcosine 


20 


1 

Human uterus 

Gljmylglycine 

0 02 

3 


6 


Sarcosylglycine 


3 

102 

3 


H -Dimethylgbrn} Iglycme 

0 SO 

21 

1 

2 


Glycylsarcosine 

0 SO 

21 

2 

-2 


It has alieady been demonstrated that the hydrolysis of GG follows the 
kinetics of a zeio order leaction with extracts of human uterus oi lat muscle 
(1) , this IS likewise tiue for the enzyme of hog intestinal mucosa (Table II) 
With all tliiee extiacts, the hydrolysis of SG also follons the zeio order 
kinetics K°, the zeio oider velocity constant, is calculated as pei cent 
hydiolysis pei minute, and C® is K°/E, iiheie E is in mg of protein N per 
cc A“sg is pi oportional to the enzjmie concenti ation, as show n m Table II 
for the uterine extract 

The GG dipeptidase from hog intestinal mucosa is relatively labile even 
on standing in the cold Afterb days, C"gg deci eased fiom 15 3 to 4 6, oi 3 3 
times Similaily, C°sg decreased fiom 1 07 to 0 29 oi 3 7 times The paial- 
lel loss of activity for the tvo substiates is furthei evidence that the same 
enzj me is responsible for both actions Similar results have also been ob- 
tained with the labile GG dipeptidase of rat muscle 
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From the data m Table II, the proteolytic quotient Q, C“gg/C‘’sg) maybe 
calculated for the three extracts For rat muscle Q = 11 7, for mtestmal 

Table II 

Ktnelics of Hydrolysta of Sareosylglycme 
The tests were made at 40° in the presence of 0 001 m CoCI* The solutions were 
buffered at pH 7 6 to 7 8 with 0 02 m veronal (rat muscle) or 0 1 m phosphate (uterus 
and intestinal mucosa) The preparation from intestinal mucosa was a fresh aqueous 
extract of an acetone dned powder, the aged extract had been allowed to stand at 5° 
for 5 days if” is the zero order velocity constant expressed as per cent hydrolysis 
per minute C°, the zero order proteolytic coefficient, is K^/B, where B is in mg of 
protein N per cc 


Tissue 

Substrate 

Protein N 
per cc. 
test 

solution 

Tune 

Hydro 

lysis 

K‘ 

c» 




mtn 

per cent 



Rat muscle 

Gljcjlglycine 

0 059 



Em 

10 4 


Sareosylglycme 

0 lOS 

ISO 

17 

Hi 





240 

23 

0 096 





300 

29 

EEhb 

0 89 

Human uterus 

Glj cj Iglycme 

0 041 



0 69 

16 8 



0 082 



1 28 

15 6 


Sarcosylglj erne 

0 082 



0 31 

3 8 



0 123 



0 41 

3 3 



0 205 



0 62 

3 0 



0 246 



0 87 

3 5 



0 41 

15 

19 

1 27 





30 

38 

1 27 





45 

56 

1 24 





60 

75 

1 25 

3 1 

Hog intestinal mucosa 

Glycylglj cine 

0 0416 

30 

17 

0 57 





60 

38 

0 63 





90 

61 

0 68 





120 

79 

0 66 

15 3 



0 0416 

120 

17* 




Sareosylglycme 

0 208 

90 

19 

0 21 





150 

36 

0 24 





180 

40 

0 22 





300 

65 

0 22 

1 07 




300 

19* 



{< (( ti 

Glycylgly cine 

0 0416 



0 19 

4 6 

(aged 5 day s) 

Sarcosylgly cine 

0 208 



0 00 

0 29 


* These test solutions did not contain added Co''^ 


mucosa Q = 14 3, and for uterus Q = 4 8 If the acti\aties ■were completely 
homospecific, Q should be the same for all three extracts With extracts 
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of rat muscle and Iiog mucosa, consistent values of Q wei e always obtained 
(Table III) Hovevei, with some extiacts of human uteins values of 10 
to 12 were found 'Wliile the data weie leasonably consistent for C°qq, the 
vaiiation appeals to be in the late of hydiolysis of SG From this, it would 
appeal that the GG dipeptidases of diffeient tissues aie homospecific, but 
theie IS piobably some additional factoi m uteiine extracts which is con- 
cerned in the hydrolysis of SG 


Table HI 

Proteolytic Quotients for Glycylglycinc Dipeptidases 


The experiments ii ere performed at 40° and pH 7 6 to 7 8 i\ ith 0 02 m veronal or 
0 1 m phosphate m the presence of 0 001 m Co’*"'' The proteolytic quotient = 
C'“gg/C'“sg 


Preparation 

Buffer 

^ GG 

^°SG 

Proteolytic 

quotient 

1 * Human uterus 

Phosphate 

16 2 

3 4 

4 8 

2 “ “ 

« 

15 3 

3 1 

4 9 

3 “ " 

U 

18 8 

4 6 

4 1 

4 “ 

Veronal 

13 8 

1 37 

10 1 

5 

Phosphate 

18 8 

1 61 

11 7 

6 “ “ 

Veronal 

12 2 

1 07 

11 4 

1 * Rat muscle 

« 

10 4 

0 98 

11 7 

2 “ “ 

U 

10 3 

0 81 

12 7 

3 “ 

Phosphate 

4 5 

0 46 

9 8 

1 * Hog intestinal mucosa 

« 

15 3 

1 07 

14 3 

2 

U 

14 5 

0 89 

16 3 

g it ft It 

tt 

11 5 

1 03 

11 2 


* These are the preparations used for the experiments in Table II 


Hydrolysis of Sarcosyl-h-leucine 

Thus far, the only othei specific dipeptidase action has been asciibed to 
the enz 3 ^mes of various tissues which split glycyl-n-leucine (GL) (2, 3) It 
was of interest to asceitam whether these enzymes aie capable of acting on 
the analogous methylated peptide, sarcosyl-n-leucine (SL) It xvas found 
that the Mn++-activated GL dipeptidase of hog intestinal mucosa does 
hj’-diolyze SL The splitting of SL is also activated by Mn++, and shows a 
first order rate of hydrolysis only after the enzyme has been piemcubated 
with Mn'^ (Table IV) Similaily, the Zn'^-activated dipeptidase of 
human uterus hydrolyzes SL and this hydrolysis is activated by Zn"^ 
also This splitting of SL hkemse follows the kinetics of a fiist order 
reaction It should be noted that for the intestinal pieparation Q for 
^gl/Gsl is 17, while foi the uterine extract Q is 74 Obviously, the two 
sj'’stems do not appear to be completelj'' homospecific 
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Coordination Compounds of Cobalt and Peptides 

Measurements of absorption spectra were made m a 1 cm quartz cell 
at room temperature with a Beckman ultraviolet spectrophotometer A 
solution of the compound was adjusted to pH 7 6 to 7 8 with 01 m NaOH, 
and C 0 CI 2 was added The final concentrations were 0 125 M for the com- 
pound and 0 01 M Co++ The spectrum was measured after the solution 
was allowed to stand for 18 to 24 hours Since no anaerobic precautions 
were taken, those compounds which coordinated with Go++ may have 
undergone some formation of the oxygen bmdmg and oxidation complexes 

Table IV 

Hydrolysis of Sarcosyl-i.-leucine 


The tests were performed at 40° and pH 7 7 in 0 1 m phosphate The intestinal 
Preparation A was incubated at 40° for 3 hours with 0 02 m Mn"*^ before addition to 
the test solution is the first order proteolytic coefficient 




Metal m test 
solution 

Protein N 


Hy 

droi 


Tissue 

Substrate 

per cc 
test 

Tune 

Cl 



solution 







mi 

hrs 

ptr 

cent 


Hog intestinal 

Glyoyl-L-leucme 

0 003 M Mn++ 





mucosa 

Sarcosyl-L-leucine 

0 007 " “ 




0 0018 



None 




0 00015 

Human uterus 

Gljcyl-L leucine 

0 001 M Zn++ 

0 0197 



0 31 


Sarcoayl-L-leucine 

0 001 “ " 

0 59 

liln 

16 

0 0043 





m 

31 

0 0046 





1 5 

40 

0 0043 





2 0 

46 

0 0038 





25 

56 

0 0040 



None 

0 59 

1 0 

18 

0 0025 





2 0 

30 

0 0022 





2 5 

35 

0 0021 


descnbed by Burk et al (4) However, the interest in this study was 
whether coordmation took place at all, and not m the secondary fate of the 
coordination compound in the absence of the enzyme It has already been 
demonstrated (1) that the product formed by the action of the enzyme on 
GG IS glycme 

The following glycine derivatives which are not hydrolyzed by GG 
dipeptidase showed no change or only a very small increase in the intensity 
of the Co++ absorption spectrum glycmaimde, benzoylgtycme, benzoyl- 
glycylglycine, carbobenzoxyglycylglycme, glycylsarcosine, and N-dimeth- 
ylglycylglycine The sparingly soluble benzoylglycmamide and carbo- 
benzoxyglycylglycmamide did not show any reaction mth Co'*^ In 
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addition, no coordination took placs ■with ^-alanylglycine or ^-alanyl-p- 
alanine, but gb'cyl-iS-alanme and glycyl-L-alanine did show slight evidence 
of coordination 



Fig 1 Absoiption spcctia of s'ircos 3 'lgl 3 'cme, gh'cyls'ircosine, and glycylgly- 
cinamide after standing with 0 01 m Cods for 24 hours 



Fig 2 Absorption spectra of L-lcucylglycine, glycyl-n-Ieucine, and glj’^cyl-L- 
prohne after standing with 0 01 bi CoCIi for 24 hours 

It has already been repotted (1) that GG fonns a compound which gives 
a strong intensification of the absorption bands of Co++ This compound 
has its maximal absorption of 520 m/x Sarcosylglycme forms a similai 
complex, and the maximal absoiption m the visible is at the same wave- 
length (Fig 1) However, the intensity of the band is somewhat less than 
that of the GG complex Glycylglycinamide, which is resistant to the 
dipeptidase, also forms a coordination comple'^ ■with Co"*^ (Fig 1) How- 
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ever, while the height of the band is like that of SG rather than GG, the 
position of the maximum is at 480 m/i The spectrum of the weak com- 
plex of Co++ vath glycylsarcosme is also shown m Fig 1 C 0 CI 2 (0 01 m) 
has an absorption maximum at 510 m^ with an optical density of 0 05 
It n as found that L-leucylglycine coordinates much more strongly with 
Co++ than does glycyl-L-leucine (Fig 2) Obviously, there is considerable 
specificity in the formation of these complexes, even with unsubstituted 
peptides The peptide glycyl-n-prohne, which does not possess a peptide 
hydrogen, shows only weak coordination with Co++ 



■WAVE LENGTH IN myU 

Fig 3 The absorption spectrum of n leucylglycme (0 125 m), which had been 
allowed to stand with 0 01 11 MnCU for 24 hours at room temperature This is com 
pared nith the spectrum of the free peptide and 0 01 u MnClj 

Complex formation also occuia with other metals and peptides Fig 3 
shows the change in the absorption spectrum which occurs with n-leucyl- 
glycine and Mn++ at pH 7 7 A similar but weaker increase m absorption 
may also be demonstrated with n-leucylglycme and Mg++ This is of con- 
siderable interest, since the ubiquitous leucine ammopeptidase which 
splits this peptide is activated by Mn++ and Mg++ 

DISCUSSION 

An attempt has been made to test the hypothesis that the role of metals 
m hydrolytic and other non-oxidative reactions is to act as a bndge m the 
formation of the enzyme-substrate complex This has been investigated 
by the study of complex formation between Co^ and a senes of compounds 
related to glycylglycine, smce this peptide is hydrolyzed by a specific 
enzyme which requires for its activity An obvious parallehsm has 
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been found bet^^een the compounds winch form a Co"^ complex and those 
nhich are spht by the dipeptidase This is summarized in Table Y The 
data aie taken from this papei and an earhei one (1) 

The data indicate to some extent the mannei in which complex foi-mation 
must take place ^ Since saicosylglycine forms a compound unth Co++ and 


H 



IS hydrol 3 ''zed by the dipeptidase, one free hydrogen (H') is sufficient on the 
amino gioup The nitiogen must be basic since the acylated compounds, 
carbobenzoxyglycylglycme and benzoylglycylglycme, do not coordinate 
and aie not split The inactivity of the stiongly basic compound N- 
dimethylgl}'-cylgl 3 ’’cine shows that basicity is not a sufficient requirement, 
one flee hydiogen must be present on the terminal ammo group 

It IS well known that Co++ coordinates best with compounds lilce ethyl- 
enediamme, where chelate imgs are possible Therefoie, the peptide 
hjffiiogen (H") must be present for a chelate complex to be formed The 
ncak complex of glycylsai cosine with Co++ shows this to be the case, 
and this compound is completely resistant to the enzjmie The tendency of 
Co+^ to form five-membered chelate rings is illustrated by the failuie to 
obseive any cooidination mth /3-alanylglycme and j8-alanyl-/3-alanine, 
neither of these compounds is hydrolyzed by GG dipeptidase (7) How- 
evci, the enzyme may have a slow action on glycyl-/9-alanine (7) and there is 
some evidence of weak cooidination of this compound ivith Co++ 

Glycjdglycinamide is not hydiolyzed by the dipeptidase However, it 
does form a chelate complex mth Co++ but of a somewhat different charac- 
tei than glj’-cjdglycine as indicated by the shift of 40 mp in the principal 
absorption band Whether the free carboxyl group is necessary for com- 

* In the absence of the enzyme, coordination probably involves 2 moles of the com- 
pound w ith 1 of Co"*^ for those substances in n hich formation of the chelate compound 
IS possible However, with molecules like glycine, 4 moles would coordinate wutb 
each Co'''+ 
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bmation with Co++ or mth the protein is still undecided, although it 
would seem probable that Co++ forms a chelate complex with the protein 
also Of the four coordination places which Co++ has available, two must 
be -with the peptide, and at least one with the protem Complex formation 
between metals and proteins is, of course, qmte well known (8) The 
fact that for certain enzymes the activation by the metal is a slow reaction 
indicates that complex formation, and not a simple lomc reaction, is 
occumng This was first described for leucine aminopeptidase (9, 10) 

Table V 


Action of Glycylglycine Dipeplidase and Complex Formation with Co'^ 

The optical densities (1 cm cell) were measured with a solution of the compound 
(0 125 m) and CoCl- (0 01 m) at pH 7 6 to 7 8 after 18 to 24 hours at room temperature 


Compound i 

1 

Hydrolysis by 
dipeptidase 

1 

Optical 

density 

Wave length 

Glycylglycine 

+++-b 

2 0* 

m}i 

520 

Sarcosylglycine 

"i — h 

0 60 

520 

N-Dimethylglycylglycine 

- 

t 

1 

Glycylsarcosine 

— 

0 17 

500 

Glycylglycmamide 

— 

0 73 

480 

Glyomamide 

— 

0 15 

500 

Glycine 


0 16 

500 

Tnglycme 

— 

0 49 

500 

Benzoylglycylglycine 

- 

0 06 

510 

P-Alanylglycine 


t 


/S-Alanyl /S alamne 

— 

t 


Glycyl-p alamne 


0 17 

500 

Glycyl L alamne 

— 

0 28 

605 

OOluCoCh 


0 06 

510 


* After 3 hours, the value was 0 52 
t Precipitation of gelatinous cobalt hydroxide 


and has smce been found for argmase (11), phosphatase (12), prohdase 
(13), and glycyl-n-leucine dipeptidase (3) The rate of such reactions 
seems to vary quite widely, and to depend on many factors The more 
highly purified enzymes seem to react more slowly than do many crude 
preparations Thus far, we hate been unable to detect any activation 
tune of glycylglycine dipeptidase and Co++, nor have we observed any 
increase in rate of splittmg of GG by pnor incubation of substrate and 
Co++ 

It IS apparent from this hypothesis that a part of the specificity of the 
enzyme must reside m the abihty of the metal to undergo complex forma- 
tion both with the substrate and wuth the protem This would help to 
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explain the extreme metal specificity shown by many enzymes, including 
the peptidases However, this must be stated as a necessary condition 
for enzjone action, but is not a sufficient condition, since the major enzyme 
specificity must be due to the protein moiety 

Gieen, Heibeit, and Subrahmanjmn (14) have pioposed that the lole of 
the metal ion in caiboxylase is to bind diphosphothiamme to the protein 
moiety of the enzyme Hoivevei, then data do not exclude the possibility 
that the hnlcage is m the ordei piotcm-diphosphothiamine-metal With 
the peptidases, no othei dissociable pi esthetic gioup othei than metal 
has yet been found, although leucine aminopeptidase and piohdase have 
now been extensively purified Here the metal must form the linlc betv een 
the enzyme and the substrate 

Thus far, the hypothesis of the r61e of Co"^ in the action of glycyl- 
glycine dipeptidase has fulfilled every test to which it has been subjected 
It IS likely that this proposal can be extended to other peptidases and 
additional types of enzjmies No othei suggestion to explain why metals 
are required in hydiolytic reactions has been pioposed, and it is difficult 
to conceive of any other function which these metals could have 

The assistance of Douglas M Brown and Mrs ToshiJco Shimizu is 
gratefully acknowledged 


EXPERIMENTAL 

Hydiolysis was measured on 0 2 cc samples by the liberation of car- 
boxyl gioups by the method of Giassmann and Heyde (15) The substiates 
were used at 0 05 m in 2 5 cc volumetiic flasks The rat muscle extiact and 
the acetone-dried preparation of human uterus have already been de- 
sciibed (1) For glj'-cylglycme dipeptidase, a fiesh aqueous extiact of 
hog intestinal mucosa was used For glycyl-L-leucme dipeptidase, the 
crude aqueous extiact of mucosa waspiecipitated with ammonium sulfate 
and dialyzed (3) 

Sm cosi/l-h-lmtcme — 6 gm of chloioacetyl-L-leucme (16) weie allowed to 
stand in a pressuie bottle at room temperature for 2 days with 30 ce of 35 
per cent aqueous methylaraine The solution was diluted with water and 
concentrated to a thick syiup under i educed piessuie lepeatedly with 
ethanol The gelatinous residue was dissolved m ethanol and precipitated 
vith ethei Yield, 5 1 gm The compound was leciystalhzed fiom 
ethanol as needles, m p 187° 

CgHisOjNj Calculated C 53 4, H 9 0, N 13 9 
202 3 Found “ 63 4, “ 9 0, “ 13 8 

^ = ~30 4° (2 2% in water) 
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N-Di7neihylglycylglycine Hydrochloride — 5 gm of chloroacetylglycine 
(17) were dissolved m 20 cc of 25 per cent dimethylamme and allowed to 
stand at room temperature for 4 days The solution was concentrated 
in vacuo repeatedly with ethanol The thick syrup was taken up m hot 
butanol and filtered On coolmg the solution, 3 4 gm of the crystalline 
product were obtained In order to remove the dimethylamme hydro- 
chlonde, the substance was dissolved m vater and crystallized as fine 
needles by the addition of ethanol After one more recrystalhzation, the 
melting point ivas 186-187° 

CeHuOjNjCl Calculated C 36 7, H 6 7, N 14 3 
196 6 Found “ 36 7 "6 6, “ 14 3 

Sarcosylglycine — ^This was prepared as descnbed by Levene, Simms, and 
Pfaltz (17) 

Glycylsarcosine — This was synthesized by the procedure of Bergmann, 
Zervas, Schleich, and Leinert (6) 

StJMMART 

1 Preparations of glycylglycine dipeptidase from human uterus, rat 
muscle, and hog intestinal mucosa hydrolyze sarcosylgly cme This hydroly- 
sis, hke that of glycylglycine, is strongly activated by Co++, and follows 
the kinetics of a zero order reaction The enzyme has no demonstrable 
action on glycylsarcosine or N-dimethylglycylglycine 

2 The glycyl-n-leucine dipeptidases of hog intestinal mucosa (Mn++ 
activation) and human uterus (Zn++ activation) hydrolyze sarcosyl-n- 
leucine These sphttings follow first order reaction kinetics 

3 Co++ coordinates readily with glycylglycme but not mth most of the 
substituted denvatives of the dipeptide In view of the parallelism be- 
tween the ability of Co++ to coordinate and the ability of the enzyme to act, 
it IS proposed that the role of metals in hydrolytic reactions is to act as a 
bndge in the formation of the enzyme-substrate complex 
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THE SYNTHESIS OF S-BENZYLTHIOPYRUVIC ACID AND ITS 
CONVERSION TO N-ACETYL-S-BENZYL-l-CYSTEINE IN 
THE RAT, UNAVAILABILITY OF THIOPYRIHHC ACID 
TO RATS FOR GROWTH PURPOSES* 

Bt JAKOB A STEKOLf 

(From the Lanlenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia) 

(Received for publication, May 13, 1948) 

Some time ago we demonstrated the acetylation of S-benzyl-n-cysteme 
in the dog, rabbit, rat, and man (1-3) Admimstration of S-benzyl-n- 
cysteme to rats (4, 5) or man (3) was followed by the excretion of some 
N-acetyl-S-benzyl-L-cysteine, thus mdicating a partial mversion of the 
D derivative of cysteme to the optical antipode Ample expenmental 
evidence is available to show that oxidative deamination of D-ammo acids 
occurs in mvo and in mira In an attempt to explain the inversion of S- 
benzyl-n-cysteme in mvo, it has been postulated that S-benzylthiopyruvic 
acid IS formed in mvo as the mtermediate (2-5) S-Benzyl-ir-cysteine is 
readily deaminated oxidatively by rat kidney preparations (6), and a 
hydrazone of a keto acid has been isolated from rabbit unne following the 
admmistration of S-benzyl-ircysteine, which was presumably the hydrazone 
of S-benzylthiopyruvic acid (7) Previous experiments have shown that 
the a-hydroxy analogues of S-benzyl-n- and S-benzyl-Di/-cysteine are 
excreted unchanged by the rat, suggesting that the rat is unable to oxidize 
the hydroxy acid or to anunate it (8) 

In the present study we prepared S-benzylthiopynivic acid and ad- 
mimstered it to adult rats From the unne of these animals we isolated 
N-acetyl-S-benzyl-L-cysteine and identified it m a conventional manner 
The demonstration of the asymmetne synthesis of L-cysteine denvative 
from the corresponding keto acid raised the question of a similar synthesis 
of L-cysteine from thiopyruvic acid m mvo It will be recalled from earlier 
studies that n-cystine could not replace n-cystine m the diet of the rat for 
growth purposes (9), although n-cystine was shown to undergo ready oxida- 
tive deamination in mlro by rat kidney preparations (10) It thus appeared 
possible that n-cystine undergoes oxidative deamination in mvo also, but 
the resulting thiopyruvic acid is metabohzed before the synthesis of l- 
cystine can occur It should be pointed out, however, that in studies on 

* This paper ■nas presented at the meeting of the Amencan Societj of Biological 
Chemists at Atlantic Citj , March, 1948 

t Aided by a grant from the Pardee Foundation 
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rabbits (11) and dogs (12) it was found that the sulfur of D-cystme is less 
readily oxidized than that of the h isomer In order to test the availability 
of thiopyruvic acid for growth purposes, we synthesized the acid and ad- 
ministeied it to groiving lats orally or subcutaneously No growth stimula- 
tion was observed, although undei similai conditions L-cystine gave the 
usual growth response Since thiop 3 uuvic acid is readily oxidized tn vivo 
to yield inorganic sulfate in the urine (13), these data seem to suggest that 
thiopymvic acid, paiticularly the thiol group, is metabolized before the 
ammal oiganism can utilize it for L-cysteme S 3 m thesis Once the thiol 
group of thiopyruvic acid is stabilized by the benzyl group (as in S-benzyl- 
thiopyruvic acid), the synthesis of the L-cysteine derivative can and does 
take place ^ 

In discussions on N,N'-dimethylcystme (14) the argument was advanced 
that demonstration of the giowth-promoting power of the methylated 
ammo acid was tantamount to demonstrating that its keto analogue was 
also capable of suppoiting groAVth The data presented heie seem to 
suggest that the growth-piomoting property of N,N'-dimethyl-L-cystine 
cannot definitely be ascribed to the fonnation of the keto analogue in vivo 
Hydrolysis of the methyl groups in vivo to yield L-cystine appears the more 
likely possibility Had the keto analogue been formed from N,N'-di- 
methyl-L-cystine, no giowth would have resulted from its formation It 
must be admitted, however, that it cannot be assumed a prion that the ad- 
ministiation of thiopyiuvic acid to the rat is equivalent to the situation 
when such a keto acid is formed in the tissues 

The method which we used for the S 3 aithesis of S-benzylthiop 3 Tnvic acid 
IS based on that lepoited by Parrod (15) We found, however, that con- 
siderable simplification can be introduced in the procedure, particularly in 
the steps involving the use of sulfuryl chloiide It was also found that 
pyruvic acid can be directly chlorinated with sulfuryl chloride to yield 
chloropyruvic acid A biief description of the methods of pieparation of 
chloropymvic and S-benzylthiopyruvic acids and their ethyl esteis, and of 
sodiiun thiopyiuvate, is piesented As far as we are aware, S-benzyl- 
thiopyinvic acid has not been previously piepaied 

EXPERIMENTAL 

Pyrumc Acid Ethyl Ester — 33 2 gra of pyruvic acid dissolved in 100 ml of 
absolute ethanol which contained 0 3 ml of concentiated sulfuric acid were 
refliLxed for 3 hours Excess ethanol was distilled off at atmospheric 

iln a pn\atc communication Dr J Parrod Las just informed us that he isolated 
p lodophenj Imcrcaptunc acid from the urmc of rabbits which i\ere fed S-p-iodo- 
pheni Ithiopj rui ic acid The synthesis of a cysteine derivative from a corresponding 
keto acid is thus not apparently confined to the organism of the rat 



J A BTEKOL 


35 


pressure on a water bath The ester was collected, boiling at 44-45® at 10 
mm The yield n as 50 to 60 per cent 

Chloropyruvic Acid Ethyl Ester — 60 gm of pyruvic acid ethyl ester were 
dissolved m 220 ml of sulfuryl chlonde and the solution was heated on a 
water bath at 60-05° for 1 5 hours The temperature was then gradually 
raised to 90-95° during the next 1 5 houis Excess sulfurj’l chlonde was 
removed by distillation at atmosphenc pressure Chloropyruvic acid 
ethyl ester was collected at 79° at 9 mm Parrod (15) reported that 
chloropyruvic acid ethyl ester boils at 90° at 15 mm The yield was 60 to 
70 per cent 

Chloropyruvic Acid — ^The compound was obtained by direct chlonnation 
of pyruvic acid with sulfuryl chlonde, as was descnbed above Chloro- 
pyruvic acid was collected, of boilmg point 90-97° at 8 to 13 mm The 
compound sohdifies in a cool condenser and it is necessary to warm the 

condenser for efficient collection of the compound Colorless shiny soft 

crystals were obtamed The compound is a strong vesicant The yield 
was 50 to 65 per cent For analysis it was dned at loom temperature 
in vacuo over PsOs 

C,H,0,CI Calculated C 29 50, H 2 46, Cl 31 15 

Found “ 29 06, " 2 55, » 31 60 

S-Benzylthwpyruvic Acid Ethyl Ester — 12 4 gm of benzyl mercaptan 
were added to 100 ml of water contaimng 5 6 gm of KOH With vigorous 
shaking of the solution, 15 1 gm of chloropyruvic acid ethyl ester were 
added in several portions, the reaction mixture being kept alkahne (not 
below pH 9 to 10) by addition of extra pellets of KOH The reaction 
vessel was kept immersed m an ice bath Aftei all of the chloropyruvic 
acid ethyl ester had been added, the flask was shaken for 15 to 20 mmutes, 
allowed to stand at room temperature for 1 hour, then placed in the refrig- 
erator for 3 hours The mass which separated on standing was removed 
by decantation of the supernatant fluid and washed with cold water The 
semisohd mass was then extracted mth ether The ether extract was 
washed with water, then dried with sodium sulfate The ether was re- 
moved by distillation, and the residue was subjected once more to ethei- 
water purification The punfied matenal was dried in lacuo at room 
temperature over PzOs The compound remained a heavy oil after stand- 
ing for several days at 2° 

CijHxiOjS Calculated C 60 50, H 5 8S, S 13 44 
Found •' 60 10, “ 6 10, " 13 63 

2 ,4-DimiTophenylhydrazQne of S-Benzylthwpynmc Acid Ethyl Ester — 0 2 
gm of 2,4-dinitrophenylh3drazine was di'^solved in a bttle concentrated 
sulfunc acid and the solution was diluted wnth 9 volumes of absolute 
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ethanol To the solution 0 23 gm of S-benzylthiopyiuvic acid ethyl ester 
was added, and the mixtuie was gently wanned On cooling, the crystals 
of the hydrazone separated which were collected and lecrystalhzed three 
tunes from absolute ethanol After being dried at 100“ ^n vacuo over PjOb, 
the compound melted at 138-139“ (uncoirected) 

CuHisNiOsS Calculated C 51 67, H 4 31, N 13 39, S 7 66 
Found “ 51 96, " 4 50, “ 13 50, “ 7 96 

S-Benzylihtopyi uvic Acid — To a solution of 13 2 gm of benzyl mercaptan 
in 100 ml of water containing about 8 gm of KOII, 13 gm of chloropyruvic 
acid were added in the mannei described above Upon completion of the 
reaction, the solution was evtracted with ether, and the aqueous laj'^er was 
acidified with HCl to pH 1 or 2 A semisohd mass separated almost 
immediately It was removed by filtration, washed -with cold water, 
then extracted with ether The ether extract was dried with sodium 
sulfate, and the ethei removed by distillation The residue was further 
purified by extraction with ether, washing vuth water, drying as before, 
and distillation of the ethei The residue solidified at room temperature 
in a desiccator over sulfuiic acid vuthout foi-mation of ciystals 

CioHioOjS Calculated C 57 14, H 4 76, S 15 24 
Found “ 57 69, " 5 00, " 15 55 

2,4-Dmitiophenylhydrazone of S-benzylthiopynivic acid was prepared as 
desciibed above Aftei diying tn vacuo at 100“ over PsOe, the compound 
melted at 148-149“ (uncorrected) 

Ci(iHi406N4S Calculated C 49 70, H 3 86, N 13 95, S 8 52 
Found “ 49 23, “ 3 60, “ 14 30, " 8 20 

Soditcni Thtopytuvale — The compound was piepared essentially as was 
desciibed by Paiiod (15) On lecrystalhzation fiom water by addition of 
ethanol the compound separateii in the form of beautiful needles which 
contained 2 molecules of watei of crystallization 

NaCjHjOjS 2HsO Calculated C 20 23, H 3 93, S 17 92 
Found ‘‘ 20 40, " 4 25, “ 17 86 

Feeding E%pe)iinents 

A complete 25 pei cent casein diet which contained 1 0 pei cent of S-benzyl- 
thiopjauvic acid was fed to four adult male rats of the Wistai strain 
The lats had not pieviously been used for expeiiment The mine was 
collected daily over a period of 5 days and preseived m a refiigeiatoi 
About 150 gm of the food vere consumed by the lats dining this period 
The pooled urine was then extracted in the manner described previously for 
the isolation of N-acetyl-S-benzyl-L-cysteine (1-3) The yield of the 
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product obtained averaged 150 mg per gm of tbe keto acid mgested In 
addition to N-acetyl-S-benzyi-L-cysteme, some unchanged S-benzyl- 
thiopyxuvic acid was excreted by the rats This was identified as the 
2 ,4-dimtrophenylhydrazone, mp 148-149° After drying ^n vacuo at 
100° over PjOb, the isolated N-acetyl-S-benzyl-L-cysteme melted at 143- 
144°, and the melting pomt remained unchanged when the compound was 
mixed with an authentic sample of N-acetyl-S-benzyl-L-cysteme 

Ci-HuOsNS Calculated C 56 92, H 5 93, N 5 64, S 12 65, Acetyl 16 98 
Found " 57 16, “ 6 20, “ 5 28, “ 12 43, “ 16 38 

The isolated product had the specific rotation of [a]n^ = -44° for a 1 per 
cent solution m ethanol 

S-Benzyl-L-cysteine was prepared from the isolated matenal by hydrol- 
ysis of the compound m dilute HCI m the usual manner and by precipita- 
tion of the cysteine denvative with ammoma On recrystalhzation from 
water, S-benzyl-L-cysteme melted at 212-213° and had the specific rota- 
tion of [a]n^ = 4-23° for a 1 per cent solution m n NaOH 

Growth Expertments 

Three htters of albmo male rats of Wistar stram were used They were 
divided mto three groups, six animals m each group One group was fed 
an 8 per cent casern diet, the second the same diet supplemented with 1 
per cent of sodium thiopyruvate, and the third group received 0 5 per cent 
of L-cystme as the supplement to the casein diet The exact composition 
of the diet was descnbed previously (16) After 6 weeks on these diets, 
the control group and the one mgestmg thiopyruvic acid gamed on the 
average of 1 2 gm per day per rat, while the third group mgestmg L- 
cystme gamed on the average of 2 9 gm per day per rat Similar results 
were obtamed when 75 mg of sodium thiopyruvate m water were mjected 
subcutaneously per rat per day m two equal portions 4 hours apart It is 
thus evident that sodium thiopyruvate does not stimulate the growth of 
rats when admmistered either orally or subcutaneously under the condi- 
tions of our experiments 


SUJIMART 

1 S-Benzylthiopyruvic acid was synthesized and fed to adult rats 
From the unne of these animals N-acetyl-S-benzyl-L-cysteme was isolated 
and identified 

2 Sodium thiopyruvate does not stimulate the growth of rats when 
administered orally or subcutaneously m heu of L-cystme 

3 It is concluded that the rat is able asjTnmetncally to sjmthesize 
S-benzyl-L-cysteme from the correspondmg keto analogue Smce sodium 



38 


8-BEN2YLTH10PrRUVlC ACID 


thiopyruvate did not stimulate the giowiih of rats m lieu of L-cystme, it 
appears that the keto acid is metabolized prior to its conversion to l- 
cystcine or L-cystine. 
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THE EFFECT OF RELATED IONS ON THE POTASSFUM 
REQUmEMENT OF LACTIC ACID BACTERIA* 
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The essential nature of K+ for growth of lactic acid bacteria has previ- 
ously been established (1) The amount required for maximum growth 
seemed unusually high Further mvestigation showed that the quantita- 
tive requirement for potassium was markedlj^ influenced by the amounts 
of sodium and ammonium ions m the medium These findmgs prompted 
an extension of the investigation to other allcali metal ions The results 
of these studies, which provide examples of “ion antagonism” among the 
alkali metals and which are most readily mterpreted as due to competitive 
inhibition of the essential role of potassium by related ions, are presented 
below 


EXPERDIENTAL 

Cultures and Inocula — Laclobacillus arabtnosus 8014, L casei 7469, Leu- 
conostoc mesenlerotdes 8042 and 9135, and Streptococcus faecahs 8043 were 
earned as stab cultures m yeast-dextrose agar Inoculum cultures were 
meubated 16 to 18 hours m a previously described medium (1) The cul- 
tures of L mesenlcroides 9135 were meubated at 30°, the remainder at 37° 

Basal Medium — ^To study the effect of the allvah metal and ammonium 
ions on the growth of the orgamsms, a medium as free as possible of these 
ions was prepared A sulfunc acid hydrolysate of casern was used as the 
nitrogen source m the medium, the sulfate ion bemg removed w ith banum 
hydroxide (2) For rapid and hea\'y growth, acetate and phosphate are 
required These are ordinanlj’’ employed as sodium or potassium salts, 
which w'as not desirable m this mstance To permit addition of these and 
other anions to the medium, prehmmary exiienments w ere run to determme 
the suitability of vanous ammes as the base for neutrahzation of the me- 
dium Of several tned, tnethanolamme w as found most satisfactor 3 '', since 
it was highly soluble and w as non-toxic for the vanous test organisms at 
the concentrations required The composition of the basal medium is gi\ en 
m Table I The pH of the medium was adjusted to G 8 with a 10 per cent 

•Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station Supported in part b 3 a grant from Eh Lilh and Companv, In- 
dianapolis, Indiana 
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aqueous solution of triethanolamine The amounts of Mn++ and Mg++ 
are considerably higher than those normally used m the presence of an 
acetate buffer ( 1 ) These amounts are required for rapid growth m the 
presence of triethanolamine, perhaps because tiiethanolamme, like citiate 
( 1 ), forms complexes wth these cations, thus lowering their effective 
concentrations 


Table I 

Composthon of Basal Medium 



Amount per 10 cc 
final medium 

Acid-hydroIyzed casern* 

mf 

100 

Asparagine 

1 

DL-Tryptophan 

0 6 

Cystine 

1 

Adenine HCl ■ 

0 1 

Guanine HCI 

0 1 

Uracil 

0 1 

Glucose 

100 

Acetic acidt 

45 

Phosphoric acidf 

3 

MgSO* 7 H 2 O 

10 

MnSOi HsO 

7 

600 

Pyndoxal HCl 

1 

Thiamine 

1 

Calcium pantothenate 

2 

Riboflavin 

2 

Niacin 

2 

p-Ammobenzoic acid 

1 

Folic acid 

0 05 

Biotin 

0 01 


* See the text 


t The required amounts of acetic and phosphoric acids were neutralized with tri- 
ethanolamine (Eastman Kodak, Practical) before addition to the medium The 
same base was used to adjust the initial pH of the medium to 6 8 

This medium supported little or no growth of the organisms tested unless 
K+ was added Prelimmary pretreatment to remove traces of K+ ( 1 ) was 
thus omitted 

Test Procedure — ^The testing procedures were those customarily used m 
microbiological assay work and have been previously descnbed ( 1 ) Un- 
less otherwise specified, cultures were mcubated for 24 hours, and metallic 
ions were added as the follmvmg salts K+, K2SO4, Na^, Na2S04, NH4+ 
(NH4)2S04, Ilb+, RbCl, Cs+ CsCl, and Li+, LiCl 
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Sodium-Potassmm Relationship — ^The effect of increasing levels of Na+ 
on the growiih response of Lactobacillus casei to K+ is shown in Fig 1 So- 
dium ion inhibits growth of this organism m the presence of low concen- 
trations of K+ The inhibitory action of Na+ is completely reversed if 
sufficient K+ is added As the level of Na+ is mcreased, the amount of K+ 
required to prevent the resultmg mhibition is also mcreased Four other 
lactic acid bactena showed similar behavior The antibactenal mdices for 
half maximum inhibition, ^ e the molar ratio of Na+ to K+ at which half 



Fig 1 Effect of Na"*" on response of Lactobacillus caset to K"*" 


maximum growth of each organism was obtamed, are presented m Table 
II for several different concentrations of Na+ Although the mhibitorj' 
effects of Na+ are overcome m each case by additional quantities of K+, 
the sensitivity of vanous organisms to the mhibitor (Na+) vanes consider- 
ably The antibactenal mdices are not entirely constant, but tend to in- 
crease with mcreasmg concentration of Na"^ At the higher concentrations 
of Na+ these ratios approach a constant value The reasons for this van- 
ation are not clear, its magnitude, however, is similar to that frequently 
observed with organic metabohte-antimetabohte combmations (3) For 
Lcuconostoc mesenteroides 8042 the inhibitory action of Na'*' at the concen- 
trations tested IS not due entirely to an uncomphcated antagonism mvolv- 
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ing K'*' The addition of large amounts of K+ only partially reverses the 
inhibitory action of Na+ foi this organism The natuie of the inhibition 
not reieised by K+ has not been investigated 
The same lelation between Na+ and K+ concentiations apparent from 
Fig 1, which presents data obtained following 24 horns of incubation, was 
found in separate tiials after 120 houis incubation The inhibitory effect 
of Na+ is thus appaiently not due solely to letaidation of the late of growth. 

The highebt concentiation of Na+ used, i e 100 mg , coiiesponds to 
approximately a 3 pei cent solution of sodium sulfate The question aiose 
as to what extent the inhibition by Na+ xvas due to the non-specific effects 
of high salt concentration (osmotic pressure effect, etc ) or to the effect of 
the anion associated with the salts Fig 2 shows the giowth response of 

Table II 

Molar Ratios of Na'*' to K* Which Permit Half Maximum Growth of Lactic Acid 
Bacteria at Various Levels of Added Na* 


Mg Na'*' pet 10 cc medium 


Organism 

2S 

so 

1 ” 

100 



Antibacterial index* 


Lactobacillus arabinosus 

472 

620 1 

725 

765 

‘ casci 

530 

640 

877 I 

895 

Streptococcus faccalis 

340 

530 

688 1 

805 

Lcuconosloc mcscntcroidcs S0t2 

173 

208 

350 

322 

“ “ 9135 


1890 

2120 

1990 


* Tlic anlibacteniil index is the molai ratio of inhibitor to metabolite (in this 
case h.a''' to Iv'') at which growth is reduced to one-half of the maximum 


Laciohacillus aiahivosxts to very high concentrations of K+, added as KCl 
and K2SO4 Under oui conditions neithei salt is significantly inhibitoiy 
below' a concentiation of 200 mg of K+ pei 10 cc Above this concen- 
tration, the anion determines to a consideiable extent the degiee of inhi- 
bition Plotted in this w'ay, the toxicity of the sulfate ion appeals much 
less than that of the chloiide ion This, however, is true because only half 
the molai concentiation of SO^” as of Cl“ is lequiied to furnish the same 
amount of K+ On a molar basis SOi” and Cl“ aie about equally toxic 
These expciiments indicate that, since Na+ was added as the sulfate and 
at concentiations not exceeding 100 mg per 10 cc , the obseiwed inhibition 
of Laclnbacilliis aiahtnosus w'as not to any appieciable extent due either to 
high salt concentiation or to the piesence of the anion At concentrations 
consulei ibb' higher than those used heie, sodium salts will, of couisc, be- 
come toxic due to osmotic and peihaps other effects, and such toxicity wall 
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not be alleviated by additions of K+ At the concentrations used m this 
investigation, however, the principal toxic action of Na+ appears to be due 
to its interference with K+ utihzation, and is prevented competitively by 
additions of K+ 

These results prompted investigation of the possible relationship of other 
aUcah metal ions and of NBLi'*' to the requirement for K+ These results 
are summanzed below 



Fio 2 Inhibitory effects of high concentrations of potassium salts on groniih o 
Laclobactllus arabinosus Curve 1, KCi, 24 hours incubation, Curve 14., KCl, 4S 
hours incubation. Curve 2, K SO<, 24 hours incubation. Curve 2A, K SO*, 48 hours 
incubation 

Ammonmm-Fotassium Rclalionship — ^The effect of NH 4 + on the response 
of five lactic acid bactena to K+ was determmed The results obtained 
with Lactobacillus casei are presented m Fig 3 The ammonium ion, like 
Na'^, IS mhibitory to groiHh, and the inhibition is alleviated by mcreasing 
amounts of K+ The concentration of K+ required to reverse the mhi- 
bition increases as the amount of NH 4 + mcreases A similar relationship 
was obsen^ed -mth the other four organisms tested The ratios of the con- 
centration of NH 4 + to K+, at which half maximum inhibition of growth of 
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the five lactic acid bacteria occurs, aie sho^vn in Table III As with Na+ 
the lowest concentiation of NH 4 + gives a lower value for this ratio than do 
higher levels The lemammg ratios aie much more nearly constant for 
each organism than are those for Na+, and mdicate the competitive nature 
of the inhibition The values obtained with Leuconostoc mesenieroides 8042 
show the greatest vaiiation, though for this oiganism, too, the toxicity of 
NH 4 + IS almost completely overcome by K+ Comparison of the anti- 
bactenal indices foi NH 4 + (Table III) and Na+ (Table II) shows that NH 4 + 



Fig 3 Effect of NIE+ on response of Lactobacillics casci to K+ 

IS considerably moie effective than Na+ in counteractmg the growth-pio- 
moting effects of K+ 

To determine whether the relationship observed above for lactic acid 
bacteria holds more geneially, the effect of Na+ and NH4+ on the response 
of the yeast, Saccharomyces carlsbcrgmszs 4228, to K+ was determined The 
medium (Table I) was supplemented with Ca++ (1 mg pei 10 cc ), mositol 
(250 7 per 10 cc ), Fe++ (10 7 per 10 cc ), and the pH adjusted to 5 5 to 
suppoit more favorably the grovi;h of this oiganism Cultures weie shaken 
mechanically at 30° foi 24 hours From Table IV it is evident that both 
ions interfeie ruth the utilization of K+ by the yeast in a manner analogous 
to their effect m lactic acid bacteria In contrast to the lesponse of the 
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bactena, however, the inhibitory effect of Na+ is greater than that of NH4+ 
for yeast The yeast is considerably more sensitive to Na+ than are the 
lactic acid bactena tested 

These findmgs permit a partial explanation for the high potassium re- 
quirement pre^uously noted (1) for lactic acid bactena This requirement 
was detenmned m a medium which contamed considerable amoimts of 

Table III 

Molar Ratios of NEt* to K* Permitting Half Maximum Growth at Various Levels 

of Added NBt* 


Mg NH*'*’ per 10 cc, medium 


Organism 

10 { 

20 

30 

1 

Antibacterial index* 

Lactobacillus arabinosus 

115 

135 

149 

140 

" easel 

176 

238 

238 

230 

Streptococcus faecalis 

88 

105 

112 

115 

Leuconostoc mesenteroides 8042 1 

79 

144 

178 

204 

" “ 9135 

230 

268 

280 

208 


* Afl in Table II 


Table IV 

Effect of Na* and NEt* on Response of Saccharomyces carlsbergensts 4^88 to K* 



Mg Na+ per 10 cc 

Mg NHi* per 10 cc 

K+ per 10 cc 

0 1 

25 1 

1 i 

1 ” 

25 

1 

1 ” 


Per cent of inadent light transmitted* 

r 








0 

93 

100 

100 

100 

100 

99 

100 

100 

37 

92 

100 

99 

98 

98 

100 

1,000 

15 

25 

79 

95 

26 

42 

79 

10,000 

15 

16 

27 

45 

17 

22 

30 


* Evelyn colonmeter, 660 m/i filter, umnoculated medium = 100 


sodium and ammonium ions, the “potassium reqmrement” observed rep- 
resented not only that required for metabolic processes, but also that 
reqmred to overcome the inhibitoiy action of Na+ and NH4+ The require- 
ment for potassium, as detennmed m the present medium, is about one- 
fifth of that pre\uously obseiv'ed It is not at all certain, hovever, that 
this represents solely the metabohc requirement for this ion Other 10ns 
m the present complex basal medium may enhance the requirement for K+, 
just as did Na+ and NH4+ in the prenously used medium 
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It was of mteiest to determine whethei the triethanolamine ion, which 
replaces Na+ as the principal neutiahzing cation in this medium, mterfered 
to any extent mth the utilization of K+ Foi this purpose, extra tn- 
ethanolamine was added to the medium as the hydrochloride, with results 
showm in Table V Smce 175 to 200 mg of tiiethanolamine pei 10 cc are 
used in the prepaiation of the medium, the amounts added do not repre 
sent the total concentration of this base in the medium Only after 200 
mg of triethanolamine have been added in addition to that already present 
in the basal medium is there any appieciable toxicity for Ladobacilhis 
arahinosus Smce significant mcieases m triethanolamine concentration 
have so little effect on the lesponse to K+, it is reasonable to assume that 
the amoimts oiigmally present m the medium mteifere veiy little in the 

Table V 


Effect of Triethanolamine on Response of LactohacilUis arahinosus to K* 


K* pet 10 cc 

Mg trielhanolamine per 10 cc * 

0 1 

100 1 

200 1 

300 

400 

Per cent of incident light iransmiltedt 

7 






0 

90 

91 

98 

100 

100 

60 

66 

65 

69 

73 

97 

100 

62 

53 ^ 

68 

59 

90 

1000 

21 i 

22 , 

23 

27 

44 


* The amounts indicated are in addition to the triethanolamine used in the prepa- 
ration of the medium (about 175 to 200 mg per 10 cc , see the te\t) 
t As in Table IV 


utilization of tins ion At high concentrations of the amine, however, some 
degiec of antagonism does exist betw'een K+ and the triethanolamine ion, 
since inhibition at low concentiations of K'*' is almost completely leversed 
at high At still highei concentiations of tnethanolamme, how^ever, the 
inhibition is not pi evented bj’’ K+ 

Rithdnm-Polassium Relationship — ^The lesponse of the five lactic acid 
bacteiia to additions of Rb"*" to the potassium-free basal medium wms de- 
teimined On a molai basis, Rb"^ is slightly more active m piomoting 
growth of Slreplococms faecahs than K+ at low concentiations and slightly 
less so at high (Fig 4) The lesults of similar expeiiments with Lacto- 
hacilhis casei and Leiiconostoc mesenteroides 8042 are presented m Fig 5 
For L casei, Rb+ and K+ are equally active at low concentrations, at Iiighei 
concentrations, Rb+ again is less active L mesenteroides 8042, by con- 
trast, 13 unable to utilize Rb+ m place of K+. In similar experiments, L 
arahinosus and L mesenteroides 9135 proved mtennediate m behavior For 
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Fra 4 Comparative effects of Rb"^ and K+ on growth of Streptococcus faccahs 
Curve I, K+, Curve 2, Rb+ 



0 2 4 6 8 10 12 14 

MICROMOLES K’ OR Re' PER 10 CC 


Fia 6 Comparative effects of Rb"'' and K+ on growth of Lactobacillus casei and 
Leuconostoc mescntcroides 8042 Curves 1 and 2, response of L casei to K"^ and Rb^ 
respectiv ely , Curves 3 and 4, response of L mescnleroxdes to K+ and Rb*^ respecti% el> 


48 


POTASSIUM REQUIREMENT OF BACTERIA 


these oiganisms, Rb+ paitially replaced K+, but the response was erratic 
More than half maxunum groiHh foi either organism Avas never achieved 
vith Rb''' and high concentiations weie inhibitory Thus, depending upon 
the organism, Rb+ is able to replace K+ completely, partially, oi not at all 
High concentiations of Rb+ are inhibitory for Leuconostoc mesenieroidcs 
8042 and the inhibition is reversed by the addition of sufficient K+ (Table 


Table VI 

Effect of on Inhibitory Action of Rb^ for Leuconostoc mesentcroidcs 80^ 


K'^ per 10 cc 

Mb Rb'*' per 10 cc 

0 

10 

20 

30 

Per cent of incident light trnnsnutted' 

r 





0 

97 

90 

93 

93 

500 

29 

60 

84 

89 

1,000 

28 

45 

64 

84 

20,000 

30 

30 

30 

31 


* As m Table IV 


Table VII 

Effect of Rb* on Inhibitory Action of NHi* for Lactobacillus casci 


Rb'*’ per 10 cc 

Mg NHi'*' per 10 cc 

0 

20 

40 

Per cent of incident light transmitted* 

y 




0 

67 

89 

90 

100 

46 

78 

89 

500 

29 

51 

66 

1,000 

25 

47 

56 

10,000 

33 

24 

25 


* As in Table The antibacterial index ([NH^+l/lRb+l) for half maximum 
growth calculated from these data is about 350 


VI) A similai relationship was found with L a? dbinosus, despite the fact 
that at low concentrations Rb"^ partially replaces In oigamsms foi 
which it IS not the nutritional equivalent of K+, Rb+ thus acts m a manner 
analogous to Na+ and NH 4 + 

For organisms Avhich utilize Rb+ in place of K+, factois which mterfere 
vuth the lesponse to Avould be expected to interfere similarly mth the 
lesponse to Rb+ The data of Table VII show that the inhibitory action 
of for Lactobacillus caset is alleviated by Rb"^, just as it is by K’*' 
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The ratio of NII 1 + to K+ permitting half maximum growth is about 230 
(Table III), the corresponding ratio of NH 4 + to Rb+ is about 350 This 
indicates that NH 4 + is more toxic in the presence of K+ than m the presence 
of the same molar concentration of R.b+, i e , Rb+ is somewhat more effec- 
tive in overcommg the mhibitory action of NH 4 + than is K+ This must 
mdicate a greater affinity of this metallic ion for the enzyme with which it 
functions than K+ possesses 

Table VIII 


Effect of K* on Inhibitory Action of Cs* for Lactobacillus arabinosus 


K+ per 10 cc 

Mg Cs+ per 10 cc 

0 

I 

1 30 

1 50 

j Per cent of incident light transmitted* 

y 





0 

80 

95 




25 

24 

38 

82 


19 1 

23 1 

26 1 

43 


20 

20 

21 

22 


• As in Table IV 


Table IX 


Effect of K*, and on Li* Toxicity for Lactobacillus arabinosus 



Mg per 10 cc 

K* 

0 

100 

10 

10 

10 

Na+ 

0 

0 

10 

0 

10 

NH.+ 

0 

0 

0 

10 

10 

Mg Li* per 10 cc 

Per cent of inadcnt light transmitted* 

0 

94 

32 

32 

32 

26 

10 1 

98 1 

96 

65 

33 

32 

15 

98 

98 

95 

57 

35 

20 

98 

97 

96 

97 

72 


* As in Table IV 


Cesium-Potassium Relationship — Cesium ion did not replace K+ for the 
five organisms tested For Lactobacillus arabinosus, Cs+ was inhibitory at 
high concentrations This inhibition was completely reversed bj’’ the ad- 
dition of sufficient K+ (Table VIII) 

Lithium-Potassium Relationship — ^For Lactobacillus arabinosus, Li+ vas 
considerably more toxic than either Na+ or NH 4 + This toxicity was not 
alleviated by K+ The addition of Na"*" reheved the inhibition shghtlj’’, 
NH 4 + was somewhat more effective, and the two together v ere more effec- 
tive than either alone (Table IX) These results suggest that both Na+ 
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and NHi'*' ions play some essential metabobc rOle m Laclobacillus aralnnosus, 
and that part of the toxic effects of Lrt results from mterference with these 
processes No direct e\udence has been obtamed to show that Na+ is 
essential in the metabolism of these oiganisms It is obvious, liowever, 
that NHi^ must play a r61e m mtermediary metabolism m these bactena, 
and some direct evidence for this, obtamed by grow th effects (4, 5) exists 

DISCUSSION 

The tei-m “ion antagonism” has been used to describe the opposite effect 
of ions or the effect of an “inactive” ion m remo\nng the effect of an "active” 
one (6) The phenomenon was first observed by Ringei (7), who found 
that a solution of sodium chloride does not maintam the beat of a heart 
peifused wuth it unless additions of Ca++ and K+ chloiides are made The 
concept of ion antagomsm was applied to animals by Loeb (8), to plants 
by Osterhout (9), and to bactena by Flexner (10), Eisler (11), and Lipmann 
(12) Since these early investigations, many fuithei obseivations regardmg 
the phenomenon have been reported (6) 

Although it has been recogmzed recently that animals maj'^ be deficient 
in one mineral relative to an excess of some other (13), none of the early 
data on ion antagonism was able to relate the phenomenon to the inoi- 
gamc requiiements of the oiganism under investigation Loeb discounted 
the possibihty that physiologically balanced solutions had nutntional 
significance foi a number of organisms and favored the hypothesis that 
such solutions weie required to maintain pioper cell peimeability (14) 

The antagonistic effects of ions obseiwed m this investigation are most 
easily explained as examples of the competitive mteiference of one ion wth 
the essential role of anothei. This conclusion is based on the following ob- 
servations (1) the mhibition is leversed only by an inorganic ion which is 
an essential metabohte for the miciooiganism, (2) the inhibition is apparent 
only in the presence of limiting concentrations of the metabolite and is le- 
veised, m most cases completely, if the metabohte concentration is laised 
sufficiently, (3) the latio of antagonist to metabolite wdiich peimits a given 
amount of growth is lelatively constant ovei a consideiable range 
of concentrations 

It is usually assumed that inhibitions of this type result from the le- 
versible combination of a metabolite or its analogue wuth some active sur- 
face or enzyme in or on the cell whose proper functioning is essential for 
glow th Whethei enzyme is present as the active enzyme-metabolite com- 
plex or as the inactive enzyme-antimetabohte comp ex thus depends upom 
the relative concentration of metabohte to antimetabohte, and not upon 
their absolute concentrations The factors affectmg the affinity of a me- 
tallic ion for an enzyme are obscure The fact that Rb+ can replace K+ for 
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one organism and antagonize its action for another indicates subtle though 
cntical differences m the structure of enz3Tnes having the same or a similar 
function In both cases, however, the combmation of Rb+ with the enzyme 
IS mdicated That Rb+ can substitute for K+ m isolated enzymatic proc- 
esses dependent upon the presence of the latter ion nas showm by Lwoff 
and Ionesco (15), who showed that either Rb+ or Cs+ could function in 
place of K+ m permitting production of pyruvate from malate by cell 
preparations of Moraxelh lwoff. 

Previous figures reported as the K+ requirement for maximum groni,h of 
lactic acid bactena ranged from 1 to 10 mg per 10 cc (1) On the basal 
medium used heie, m the absence of Na+ or NH4+, maximum growth can 
be obtained with amounts of K+ rangmg from 0 2 to 1 mg per 10 cc It 
IS apparent that the concentration of an essential ion required for growth, 
or the concentration of an ion which will inhibit growth, is not a constant 
but may vary widely, depending upon the composition of the medium in 
which the dctermmations are made 

The practical significance of these observations should not be overlooked 
Considerable and vanable quantities of Na+ and NH4+ are present in media 
used for microbiological assay of vitamins and ammo acids Further- 
more, if sodium chlonde is added with a hydrolyzed sample, the amount 
present will vary from one assay tube to another In the absence of suffi- 
cient amoimts of K+, mhibitory concentrations of Na+ may well be reached 
The use of potassium hj'’droxide m place of sodium hydroxide for neutral- 
ization of vanous components of the medium might be expected to elimi- 
nate these sources of error Such a medium was found to support 
excellent growth of the five organisms used in this investigation Obser- 
vations concerning the relative toxicities of sulfate and chloride ions suggest 
that sulfuric acid might prove supenor to hydrochlonc acid m the prepara- 
tion of samples for assay 


STTMJIATIT 

Preparation of a medium w'hich is deficient m K+ and relatively free of 
NH4+ and Na+ is descnbed Tnethanolamme was used for neutralization 
of the acidic components of this medium The medium supports excellent 
growth of the five lactic acid bactena tested when supplemented w ith ade- 
quate amounts of K+ 

In this medium, it w as showm that the magnitude of the K+ requirement 
of all organisms investigated was greatly increased by the addition of Na+ 
and NH4+ 'Whether or not these ions inhibited growth depended upon the 
ratio of their concentrations to that of K"*", and not upon the absolute 
amounts present For a given amount of grow th these ratios w ere rela- 
tively constant over a fairly wide range of concentrations, z e , a competitn e 
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relationship between these ions and the essential metabohte, K+, appeared 
to be present 

Rubidium ion replaced K+ completely for growth of Lactobacillus cam 
and Streptococcus faecahs, partially for L mesenicroides 9135 and L, arahim 
sus, and not at all for Leuconostoc mesenteroides 8042 For the latter two 
organisms Rb+ was mhibitoiy at higher concentrations and the inhibition 
was competitively alleviated by K+, For L casez, which utilizes Rb+ m 
place of K+ for grond.h, Rb+ was slightly more effective than K+ in reversing 
inhibition of groivtli by NH 4 + 

Cesium ion did not replace K+ as an essential metabohte for any of these 
organisms For Lactobacillus arabinosus, the only organism investigated, 
Cs"*" was mhibitory at high concentrations, and this inhibition Avas alleAuated 
by K+ 

In contrast to the other alkah metal 10 ns, tovicity of Li+ foi Lactobaallus 
aiabinosus is not related to the K+ lequirement of the organism Inhi- 
bition of giowth by Li+ is prevented over a narrow range of concentrations 
by the addition of small amounts of NH 4 + and Na+ 

Certain of these results have been discussed biieflj’' 
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A SIMPLE APPARATUS FOR THE SERIAL MEASUREMENT OF 
THE RESPIRATORY EXCHANGE IN THE RAT 
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(Received for publication, June 18, 1948) 

For the frequent measurement of the respuntory exchange of small am- 
mals over successive short penods of time, all of the methods descnbed 
present diflBculties In the open circuit method determmation of oxygen 
consumption over a short mterval of time is not practical In the closed 
cucuit methods considerable time is required for temperature equihbnum 
to be attamed before a measurement can be made Both carbon dioxide 
and oxygen analyses are necessary m the closed non-ventilated chamber 
method ^ 

In the method descnbed here neither the mamtenance of a constant 
temperature nor analysis for oxygen is reqmred, thus facihtatmg the meas- 
urement of the respiratory exchange over successive short time mtervals 
This method is based on a prmciple which, to our knowledge, has never 
been descnbed before 

The apparatus is a closed, non-ventilated chamber m which atmosphenc 
pressure is mamtamed by means of a small spirometer For the calcu- 
lation of the respiratory exchange, the data needed are the mitial and final 
temperatures, barometnc pressure, and the percentage of carbon dioxide 
In addition, the free volume of the chamber must be known and the system 
must be mamtamed at 100 per cent humidity The oxygen consumption 
IS calculated as the carbon dioxide production plus the change m volume 
of the system 

Fig 1 IS a schematic diagram of the system A is a glass desiccator 
havmg three outlets m its cover, the free volume of this chamber is 3300 cc 
R IS a small fan, C and F m Fig 1 are outlet and mlet tubes for flushmg 
the chamber, D is the power suppl5’' cable for the fan motor, G is an iron- 
constantan thermocouple for measurement of the rectal temperature of the 
rat, and H is a thermometer (0-50°) readable to 0 02° Si is the 2-wa}’’ 
cock m the capillary tube to the carbon dioxide gas analyzer v hose accuracy 
IS 0 02 per cent Tube E leads to the water manometer (J) and the small 
test-tube spirometer (X), which has a volume of about 70 cc and is counter- 
balanced by the v eight (L) The spirometer is connected through a 2-way 

* Benedict, F G , in Abderhalden, E , Handbuch der biologischen Arbeitsmetlio- 
den, Berlin and Vienna, Abt IV, Toil 10, 427 (1924) 
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APPARATUS FOR MEASURING RESPIRATION 


cock (So) to a 50 cc glass syrmge (ilf ) which is read to 0 5 cc Prehminaiy 
to a senes of determinations approximately 5 cc of 10 pei cent sulfuric acid 
aie placed in the desiccator to obviate the absorption of any appreciable 
amounts of carbon dioxide 

The 1 espiratorj*- exchange is detenmned by the following procedure. The 
lat IS placed on a perforated porcelain suppoifc in the desiccator and the 
cover IS affixed ^ Aftei E is clamped off and Si is closed, air saturated \Mth 
water at 36° is blowm thiough the chambei at about 25 liters per minute 
through F and exhausted at C This late of flushing is sufflcient to prei ent 
any detectable accumulation of caibon dioxide Duiing the piocess of 
flushmg the countei poise is disconnected and the spirometer is brought to 



Fro 1 Schematic diagram of the respiiatory apparatus 


its lowest level and adjusted to atmospheric pressure with the syrmge 
l^flien the manometer indicates atmospheric pressuie, Sa is turned to room 
an and 50 cc of an aie admitted into thesyiinge The loom tempeiature 
and the volume of air are lecorded S 2 is then connected with the spirom- 
eter and the an m the syimge is admitted to it At the time chosen to 
stait the experimental peiiod, the air flow is stopped, F and C aie clamped, 
E 15 undamped, and the temperatuie of the chamber and the barometne 
pressure are lecoided 

About 1> minutes before the peiiod is ovei the fan is staited to attain 
temperatuie equihbnum Some 7 seconds befoie the end of the peiiod the 
fan IS stopped and the spirometer is bi ought to atmospheiic pressuie b 5 '' 

’ Dow -Corning high vacuum type Sihcoue stop-cock giease gives an air-tiglifc seal 
more comeniently than other greases tried 
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means of the syringe or the counterpoise At the end of the penod, E is 
clamped and the temperature of the chambei and the barometnc pressure 
are read The fan is started again, Si is opened, and a sample of air from 
the chamber is drawn for carbon dioxide analysis The time elapsed be- 
tween the end of the experimental period and the final drawmg of the air 
sample is noted The fan is stopped. Si is closed, C and F are undamped, 
and the flushmg is begun agam The volume of air left in the spirometer 
IS measured by the synnge and this volume and the room temperature 
recorded 

50 cc of air are agam admitted mto the spirometer The analysis for 
carbon dioxide is performed and recorded and the apparatus is now ready 
for another determination Durmg the second experimental period the 
results of the first penod may be calculated 

With a room temperature of approximately 24° the temperature of the 
chamber is mamtamed close to the cntical temperature of the rat (28°) 
Durmg an experimental period the temperature changes no more than 0 4° 
The data obtamed are recorded as follows bp = barometnc pressure, 
Teh = free volume of chamber, T'ch , = mitial and final temperature 

m chamber, T‘,m , T^rm = mitial and final temperature of room, P, , Pa 
= mitial and final volume of syrmge, and TT’ch , , Tfi‘s = vapor 

pressure of ivater m chamber and spirometer at observed temperatures 
The dry gas volumes at standard temperature and pressure mitially (TO 
and finally (P) are 


D = 


bp— TDch 
T'ch + 273 18 


X Voh X 


273 18 l r b p - ID, 
760 T'rm + 273 18 


X X 


760 


and P IS similarly calculated The percentage of carbon dioxide found 
(less 0 03 per cent for that present m atmosphenc air) is adjusted for the 
time penod used If the period is 15 mmutes and the air sample from the 
chamber is obtamed at 15 mmutes and 30 seconds, the percentage of carbon 
dioxide produced per 15 mmutes is 15/15 5 of that actually found by analy- 
sis The amoimt of carbon dioxide produced is then 

Co CO, = %CO, X T"* 
and the amount of oxygen consumed is 

Co 0. = 00 CO. + (1^ — 1«) 

If the R Q is unity, there will be no change m volume of the system, since 
equal amounts of carbon dioxide are produced and oxygen consumed and 
T‘ Mill be equal to P If the r Q is less than unitj’’, T- mil be less than 
T* by an amount equal to the difference between the oxj gen consumed and 
the carbon dioxide produced 
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APPARATUS FOR MEASURING RESPIRATION 


The time-separatmg experimental penods need be no longer than 5 min- 
utes, so that thiee 15 minute periods of oxygen consumption and carbon 
dioxide production may be measured by one operatoi in 1 hour and the 
requisite calculations peiformed 

As in all measurements of the respiratory exchange of small animals, the 
system must be an -tight This featuie is tested occasionally by mcreasing 
and deci easing the piessuie unthin the system by means of the syringe (the 
spiiometei being clamped olf) and observing the manometer In addition 
a blanlv lun is conducted, the calculated should not diffei from by 
moie than about 0 2 pei cent 

The accuiacy of the entire procedure was tested by the combustion of 
two pure, organic compounds For this purpose the thermocouple was 
replaced by a power cable connected ivitlim the chamber to a short length 
of platinum wire The platmum wire is placed m contact with a glass wool 


Tablk I 


Ethyl Alcohol 


R Q = 0 667 


COi produced 

Oj consumed 

s 0 

Error m R Q 

1 

cc 

CC 


ter cent 

79 5 

119 8 

0 664 

-0 40 

85 6 

131 8 

0 649 

-2 65 

83 7 

126 2 

0 663 

-0 65 

176 6 

268 5 

0 654 

-1 90 

165 0 

251 3 

0 657 

-1 45 

192 5 

291 5 

0 660 

-1 00 


■wick w'hich protrudes about 2 mm from a short length of heavy capillarj 
tubmg (7 mm outer diameter X 20 mm ) The capillary is held m glass 
to glass contact by means of a shoit length of rubber tubing Avith a smal 
shell Aoal (9 mm outer diameter X 30 mm ) w'hich holds the liquid to b< 
combusted and into which the ivick extends The combustion lamp is helc 
in place within the chambei by means of a lubbei stopper The calcu 
lated volume of these appurtenances is sub ti acted from the fiee volume o: 
the chamber 

The procedure for measuiement is essentially the same as that desciibec 
for the rat The lamp is hghted by momentarily heating the platinum t( 
just less than white heat aftei the chambei has been sealed at Si, C, and F 
and opened at E The spirometer is left at its lowest level to allow for th( 
initial, rapid expansion of volume that takes place fiom the rise in tern 
perature as a lesult of the combustion The combustion can be terminate! 
at any time by starting the fan. The amount of mateual that can b( 
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burned is determined by the initial concentration of oxygen To bum 
greater amounts of matenal, air enriched m oxygen (about 28 per cent 
oxygen) and saturated ivith water is flushed through the chamber After 
the lamp is extmguished, the temperature uuthm the chamber is allowed to 
fall to withm 0 5° of the mitial temperature before the final readmgs are 
made This msures complete saturation withm the chamber 
With this technique, 95 per cent ethyl alcohol was burned, the results 
are shown m Table I The loss of ethyl alcohol, by volatihzation, is great, 
due to the flushmg of the chamber and heatmg of the platmum This pre- 
cludes calculation of the theoretical oxygen consumption, but not of the 
E Q No error is mtroduced by the evaporation of ethyl alcohol, smce 


Table II 


Dtelhylene Glycol 


H Q = 0 800 


Amount 

combusted 

COj 

produced i 

Oi 

consumed 

RQ 

Error m COi 

Error in 0* 

Error m r Q 

tng 

cc 

cc 


per cent 

pir cent 

per cent 

116 6 

97 0 

124 2 

0 781 

-1 52 

•fO 89 

-2 37 

118 8 

98 8 

128 4 

0 769 

-1 59 

+2 31 

-3 87 

303 0 

250 2 

320 0 

0 782 

-2 27 

0 00 

-2 25 

257 7 

212 4 

271 1 

0 783 

-2 43 

-0 37 

-2 11 

137 0 

119 1 

153 1 

0 778 

•f 2 94 

-fS 81 

-2 75 

284 9 

243 3 

310 1 

0 785 

+1 08 

-1-3 06 

-1 87 

303 2 ' 

255 7 

323 9 

0 789 

-0 20 

+1 16 

-1 37 

66 9 1 

1 

55 4 

69 2 

0 801 

-1 95 

-2 12 

-fO 13 


practically all of it is dissolved m the water of the chamber and does not 
appear as gas 

Diethylene glycol was used m a similar test of the apparatus since none 
IS lost by volatihzation, the results obtamed are given m Table II 
The errors observed are msignificant m the calculation of physiological 
data 


SUMMAET 

A non-ventilated closed chamber is descnbed for the measurement of the 
respiratory exchange of the rat By mamtammg the chamber at atmos- 
phenc pressure the oxygen consumption may be calculated from an analysis 
for carbon dioxide and the change m the volume of the system No time- 
consuming temperature equihbration of the system is required With this 
simple apparatus one operator may perform senal measurements of short 
duration of the respiratory exchange 











MICROBIOLOGICAL DETERMINATION OF ARGININE IN 
PROTEINS AND FOODS 

By MILLARD J HORN, D BREESE JONES, and AMOS E BLUM 

(From the Bureau of Human Nulnlton and Home Economics, Agricultural 
Research AdnnntsCralton, United Slates Department of 
Agriculture, Washington) 

(Recei\ed for publication. May 12, 1948) 

Laciobacil us caset (1-4), Lactobacillus arabinosus (5), Leuconosloc mesen- 
teroides P-60 (6-7), Lactobacillus fermenh 36 (8), and Streptococcus faecalis 
(9-14) have all been proposed or used for the assay of argmme The assays 
reported in this paper were made with Streptococcus faecalis and with the 
medium previously used foi threonme, vahne, and histidme (15-17) 

EXPERIMENTAL 

Streptococcus faecalis 9790^ was employed m the assays described 

Basal Medium — ^The basal medium was the same as that described in a 
previous paper for methionine (18), with the exception that pyridoxine was 
replaced by 400 y of pyridoxamine 

Assay Procedure — The procedures followed for the cultures, inoculum, 
and prepaiation of samples w'ere identical with those described in other 
papers (15, 18) 

Preparation of Arginine Standards — Suitable concentiations of L-argmme 
monohydrochloride were used for the development of the standard curve 
The titration values on the standard curve (Fig 1) were not altered by the 
addition to the medium of 1 2 mg of any of the other nineteen amino acids 

The recoverj’^ of argmme added to hydrolysates of casern, whole com, 
rye, and zem gave results well withm the expenmen tal error for this type 
of assay (Table I) 

Table II shows values found for several foods and proteins at different 
assay levels Data on the reproducibility of values found for nme materials 
of diverse character are shown m Table III 

Ihe results (Table IV) found for the proteins and foods* agree well with 
other microbiological methods 

The values reported by Vickery (19) on six protems and those of Bergdoll 
and Doty (21) on four protems are m close agreement with our results 

* Obtained from the American Type Culture Collection, Georgetown Unueraitj 
School of Medicine, Washington, D C 

’ The sources and preparation of the samples assayed are given m a previous publi- 
cation on the detcmunation of methionine (31) 
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Prolem hydrolysate 


Casein 


Corn, whole, yellon 


Rye, whole 


Argmme 

In hydroly- 
sate* 

Added 

Total 

round 

Recor co 

y 


■Bi 

y 

per cent 

3 50 

20 


23 50 

100 

7 00 

20 


27 60 

102 

10 50 

20 

30 50 

30 70 

101 

14 00 

20 

34 00 

34 00 

100 

5 50 

5 

10 50 

10 00 

95 

5 50 

10 

15 50 

15 30 

98 

5 50 

15 

20 SO 

20 80 

101 

5 50 

20 

25 50 

25 70 

101 

5 90 

10 

15 90 

15 SO 

99 

11 80 

10 

21 SO 

22 00 

101 

17 70 

10 

27 70 

27 70 

100 

3 50 

5 

S 50 

8 00 

94 

3 50 

10 

13 50 

13 50 

100 

3 50 

15 

18 50 

IS 50 

100 

3 50 

20 

23 50 

24 00 

102 


' Not corrected for moisture and ash 


Vickery used flaviamc acid and Bergdoll and Doty a chromatographic 
separation m assaying this ammo acid 
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Table II 

Arginine Content at Different Assay Levels* 


ilaterial 

Level 

added 

Found 

Matenal 

Level 

added 

Found 


y 

per cent 


T 

per cent 

Arachin 

100 

12 5 

Soy bean flour 

200 

3 85 


200 

12 5 


400 



300 

12 1 


600 

3 70 


400 

12 5 


800 

3 85 

Average 


12 4 



3 85 

Milk, dry, skim 

200 

0 95 

Wheat bran globulin 

100 



400 

0 95 


200 



600 

0 95 


300 



800 

0 96 


400 

iiiyi 

Average 


0 95 



12 72 

Oatmeal 

500 

m 

Wheat germ, defatted 

200 

2 50 


1000 

119 


400 

2 43 


1500 

iia 


600 

2 50 


2000 

1 14 


800 

2 48 

Average 


1 13 



2 48 

Rye, whole 

1000 






2000 






3000 

0 60 





4000 

0 60 




Average 


0 60 





* Not corrected for moisture and ash 


Table III 

Reproducibility {Per Cent) of Arginine Content When Determined by Separate Assays* 


'Material 

Assay 1 

Assay 2 

Average 

Casein 

3 50 

3 56 

3 53 

Conarachin 

15 61 

15 37 

15 49 

Corn, whole, jellon 

0 54 

0 55 

0 55 

Cottonseed flour 

6 67 

6 85 

6 76 

Egg, i\hole, dried 

4 28 

4 39 

4 33 

klilk, dr\ , skim 

1 01 j 

0 96 ' 

0 99 

Peanut, total globulins ! 

13 25 j 

13 36 1 

13 30 

Rye, whole ! 

0 60' 

0 58 1 

0 59 

Zein 

1 82 

1 90 

1 86 


* Not corrected for moisture and ash 
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DETERRONATION OF ARGINDSnC 


SUMJIARY 

A iniciobiological method is desciibed foi the deteimmation of aiginine 
in proteins and foods with Sti epiococcus faecahs The results of assays on 

Tabll IV 

Arginine Content of Sonic Proteins and Foods 


Percentages calculated for ash- and moisture-frce material 


Material 

N 

Arginine 

Values from literature 


per cent 

Per cent 
of food 

j 

Arachin 



13 94 (19), 15 4 (20) 

Casein 

wSm 

3 81 

3 7 (2), 3 6 (4), 3 7 (7), 3 9 (10), 




3 6 (11), 3 72 (19), 3 7 (21), 4 3 
(20), 3 60 (22) 

Coconut globulin 

17 42 

16 73 

15 92 (23) 

Conaraohin 

IS 20 

16 53 

12 7 (20) 

Cottonseed globulin 

18 00 

14 72 

14 92 (19), 13 6 (24) 

Edestin 

18 55 

16 51 

16 7 (13), 16 70 (19), 14 0 (20) 

Gelatin (Bacto) 

18 32 

0 11 

9 30 (2), 8 0 (4), 9 1 (10), 8 6S (19), 




9 08 (21) 

Glycmin 

17 30 

7 94 

8 5 (20) 

Lactalbumm 

15 39 

3 42 

3 2 (4), 3 4 (21) 

Ovalbumin (crystalline) 

15 98 


6 6 (2), 5 7 (7), 5 94 (10), 5 60 (19), 



1 

6 0 (21) 

0\ muscle 

16 00 

7 87 

6 0 (4), 6 3 (20), 6 9 (25) 

Peanut, total globulins 

IS 01 

14 16 


Phaseolin (navy bean) 

16 07 

5 97 


Wheat bran globulin 

17 76 

13 30 


Zein 

16 00 

1 95 

1 60 (19), 1 80 (20) 

Barley, pearled 

1 86 

0 53 

0 32 (14) 

Brazil nut meal 

9 03 

7 62 


Corn germ, defatted 

3 93 

2 IS 

1 67 (20), 2 48 (26) 

“ whole, yellow 

2 22 

0 65 

0 59 (14), 0 56 (20), 0 46 (27) 

Cottonseed flour 

10 36 

7 72 

4 87 (14), 4 79 (20), 8 55 (26) 

Egg, whole, dried 

8 11 

4 82 

3 24 (28) 

Milk, drj', skim 

6 57 

1 15 

1 48 (10), 1 31 (11), 1 24 (14) 

Oatmeal 

2 73 

1 26 

0 70 (14), 1 02 (20) 

Peanut flour 

10 15 

7 76 

6 29 (20), 8 75 (26) 

Peas, black-eyed 

4 15 

1 95 

Rice, white 

1 26 

0 69 

0 57 (20) 

Rye, w’hole 

1 98 

0 67 

0 53 (10) 

Soy bean flour 

8 85 

1 33 

3 93 (10), 2 92 (14). 4 15 (29) 

Wheat germ, defatted 

6 50 

2 SO 

2 44 (20), 3 90 (26) 

“ whole 

3 07 

0 86 

0 81 (10), 0 59 (14), 0 63 (20) 

Yeast, dried, brewers’ 

7 71 

2 26 

2 17 (10), 2 OS (30) 


thirty-one proteins and foods agiee closely with those obtamed on the same 
matenals bj*^ both chemical and miciobiological methods 
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THE AVAILABILITY OF dl-LANTHIONINE FOR THE 
PROMOTION OF GROWTH IN YOUNG RATS 
WHEN ADDED TO A CYSTINE- AND 
METHIONINE-DEFICIENT DIET 

By D BREESE JONES, ALVIN CALDWELL, and MILLARD J HORN 

(From the Bureau of Human Nutrition and Home Economics, Agricultural 
Research Adminislralton, United States Department of 
Agriculture, Washington) 

CReceived for publication. May 12, 1048) 

In an earber communication (1) it was reported that the mtemally com- 
pensated thio ether ammo acid, mesolanthiomne, is not utihzed for the 
growth of young rats subsistmg on a cystme- and methionme-deficient diet 
Two alternative explanations were given for this failure of the animals to 
utilize mesolanthiomne, either that the animals were unable to spht thethio 
ether or that cleavage did occur m such a way that the imutilizable n-cys- 
teme (2) was formed mstead of n-cysteme In order to develop informa- 
tion on this question, feeding experiments have now been conducted with 
Dii-lanthionme By feedmg the racemic form under the same conditions by 
which the mesolanthiomne was fed, it was beheved that evidence could be 
obtamed to show which of the above alternative explanations for the failure 
of mesolanthiomne to support growth is correct If the L component of 
the DL-lanthionme were spht, one-fourth of the DL-lanthiomne would 
supply li-cysteine iiTespective of ivhat side of the sulfur m the molecule 
cleavage occurred The results of the experiments here reported show that 
BL-lanthiomne supports growth to the extent that the l component is 
cleaved to yield 1 molecule of L-cysteine 

nii-Lanthionme usually accompames mesolanthiomne m acid hydrolysates 
of alkali-treated proteins (3) The DL-lanthiomne used in these experi- 
ments was obtamed from acid hydrolysates of human hair that had been 
previously boiled for 1 hour inth 2 per cent NaiCOs solution * 

EXPEKIMENTAL 

In the previous investigation (1) on the nutritional availability of meso- 
lanthionme, to supply the B vitamins a cj'stme and methionine basal diet 
having the follovnng percentage composition v as satisfactorily used casein 
6 0, dextnn 37 0, sucrose 15, salt mixture 4 (4), agar 2 0, lard 19, cod liver 
oil 5 0, and a commercial milk-vitamm concentrate 12 When fed this diet 
the ammals mvanably lost weight 

’ Tests made on the di, Hnthiomne for disulfide gaie negatne results, shoiiing 
that it was free from anj trace of cystine 
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AVAILABILITY OF DL-L^VNTHIONINE 


Since the milk-vitamm concentrate previously used was no longer avail 
able, a simplex basal diet containing synthetic vitamins and choline was 
fiist emploj^ed It was found, honevei, that with G pci cent casein in the 
diet, as pieviouslj used nitli the milk- vitamin coiicentiate, the animals 
giew too fast to make it possible to detect the effect of adding the ammo 
acid supplements By omitting choline and i educing the level of casein to 
4 21 pel cent, a satisfactoiy basal diet v as obtained A^^ien fed this diet, 
the animals declined rapidly m weight Addition of the sulfui ammo acids 
piomptlj’- ai rested the decline in weight, and giowth proceeded at a satis 
factoiy late Salmon (5) has pointed out that the pi iraaiy deficiency of 
casein at lov levels is m labile methyl groups This is in accoid vith the 
decline in weight of our lats when choline was omitted fi om the diet How- 
ever, this diet with a low content of fat, devoid of choline and containing 
4 21 per cent of casein, suppoited gionth at a satisfactoiy late aftei it had 
been supplemented with cystme as ivell as with choline, methionine, or 
DL-lanthionine Unless the cod livei oil oi com oil used in the diet con- 
tained an appreciable amount of choline, the methionine m the casein maj' 
have supplied enough methyl groups to be adequate foi growth when cystme 
was added 

The data piesented lepiesent the results obtained with eleven lots of 
albino lats In addition to these, seveial lots weie used in preliminai}' 
woik on developing a satisfactor}’- basal diet Each lot consisted of four 
01 siY ammals fiom the same littei, equally divided with lespect to sex 
and having initial weights of 50 to 60 gm Thej’’ weie housed m mdividual 
cages having wide mesh scieen bottoms and kept in a loom maintained at 
about 24 4° The animals weie weighed twice xxeekl 3 ' After consideiable 
expel imentation a basal diet haxung the following peicentage composition 
xvas found satisfactoiy casein (Labco) 4 21, dcxtiniized coin-starcli 90 79, 
salt mLxtuie 2 00 (4), cod hvei oil 2 00, and com oil 1 00 Ax itaimn im\- 
tuie wms mcoi pointed in the dextiinized coin-starch which piovided the 
folloxving constituents in each 100 gm of diet thiaimne hj'^drochloiide 0 2 
lug , pyridoxme hj'diochloiide 0 2 mg, iiboflavm 0 3 mg, calcium pan- 
tothenate 0 3 mg, and niacin 1 mg Tliese vitamins, in an aqueous- 
alcoholic solution, xveie added to the dextiinized staich and the nuxtuie xvas 
di led at 50° to the oi igmal xx^eight of the stai ch The diet xxms fed ad hbitiim 
and a recoid of the food intake is given m Table I It is of inteiest to note 
that m general the food consumption was defi.nitelj'' loxx^ei during the 
peiiods xx'hen the animals subsisted on the basal diet alone than xvhen the 
ammo acid supplements weie incoi pointed 

The animals fed the basal diet alone immiiably lost xx^eight lapidly, and 
when the feeding wxas piolonged they died m about 45 days Foi com- 
parison wath the behaxuor of the lats gwen DL-lanthionuie, L-cj'^stme and 
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DL-methionme were also used The addition of 0 3 gm of cystine or 0 37 
gm of methionine to 100 gm of the basal diet made it effective in promptly 
arresting the declme m weight of the animals, and m enabling them to giow 

Table I* 


Food Consumption 


Lot No 

Ratfso 

Experimental 

period 

Supplement to basal diet 

Average daily 
food con 
sumption 



days 

per cent 

gm 

210 

4 9 

41 

0 30 cystine 

11 9 

213 

1 & 

23 

No supplement 

6 6 



47 

0 37 methionine 

6 8 

20S 

2 9 

22 

No supplement 

4 9 



26 

0 30 cystine 

6 4 

218 

2 9 

20 

No supplement 

5 7 



14 

1 04 DL lanthionme 

6 6 


1 

17 

No supplement 

2 1 

220 

2 <f 

11 

1 04 DL lanthiomne 

9 4 



8 

No supplement 

3 1 



6 

1 04 DL-lanthiomne 

4 7 

220 

3 9 

11 

1 04 

10 3 



8 

No supplement 

3 4 



6 

1 04 DL lanthionme 

5 5 

211 

1 6' 

40 

0 37 methionine 

9 3 

212 

4 9 

24 

No supplement 

6 2 



16 

0 30 cj Stine 

7 0 



16 

No supplement 

6 3 



9 

0 30 cystine 

10 6 

220 

1 9 

12 

1 04 DL lanthionme 

8 4 




No supplement 

4 4 




1 04 DL lanthionme 

4 7 

218 

4 9 


No supplement 

5 9 




1 04 DL lanthionme 

6 6 




No supplement 

4 0 

218 

3 c? 


<< (( 

5 1 



13 

1 04 DL lanthiomne 

4 4 



16 

No supplement 

3 9 

218 

1 O’ 

42 

ti H 

3 2 


* This table includes the record of onlj those rats, the groii th curves of n hich are 
shown in Figs 1 and 2 


at a satisfactory rate Likeinse, equalls' prompt and effectne responses 
followed the addition of 1 04 gm of dl lanthionme to the basal diet The 
above-stated amounts of the three supplements added to the diet represent 
biologically available sulfur equn alents 
In SL\ of the lots all of the animals were fed the basal diet from the start 
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AVAILABIIilTY OF DL-LANTHIONINE 


for penods of 15 to 25 days Following the fore periods on the basal diet 
the animals were fed one of the supplements In most cases, one rat of a 
lot was allowed to continue on the basal diet throughout the remainder of 
the feeding peiiod to serve as a contiol In several lots the effect of the 
supplements was studied throughout successive periods on the same animal 



Fig 1 Fig 2 

Figs 1 and 2 Growth curves of rats receiving the basal-deficient diet (Diet B) 
alone, or supplemented with 0 3 per cent of L-cystine (Diet C), 0 37 per cent of dl 
methionine (Diet M), or with 1 04 per cent of DL-lanthionine (Diet L) The intro 
duction of each diet is indicated by the sjmbols over the downward arrows The 
identification number and se\ of the rats are given on the extreme left wth their 
initial and final weights in parentheses 

Without exception, DL-lanthionme pioved to be as effective as cystine or 
methionme in its capacity to piomote gioviih at the stait, or to lestoie it 
after a peiiod of decline on the basal diet alone The giowth curves for 
lepiesentative animals fiom the various lots aie given in Figs 1 and 2 
These ai e typical of the others which are omitted to save space 

SUMMAEY 

Feeding experiments have shomi that lacemic lanthionine can leplace 
cystine and methionme in the diet Young albino rats fed a low protein 
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(casein) basal diet deficient m cystine, but adequately suppbed with the 
non-protein dietary essential factors, declined in weight rapidly For com- 
panson with the behavior of rats given racemic lanthionme, L-cystine and 
DL-methiomne were also fed The addition of 0 3 gm of L-cystine or 0 37 
gm of DL-methiomne per 100 gm of basal diet caused immediate resumption 
of growth The addition of DL-lanthionme likewise resulted m correspond- 
mg groivth resumption An immediate declme occurred when the lan- 
thiomne was omitted from the basal diet, and growth agam was resumed 
when the lanthionme w'as supplied Previous experiments similarly con- 
ducted with mesolanthionme showed that this isomer is not utilized for 
growth 
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A KEW SYNTHESIS OF CYSTINE* 

BtM W FARLOW 

(From the Chemical Department, Experimental Station, E I du Pont de Nemours 
and Company, Inc , Wilmington, Delaware) 

(Received for publication, June 21, 1948) 

The present paper describes a new and convenient synthesis of cystine 
from pyruvic acid The essential steps arc illustrated m the follow mg 
reaction scheme 

CRjCOCOsH + CHiCONHi -» CHj = C(NHCOCH,)COjH (A) 

(A) + CHjCOSH -♦ CH5 (SCOCH,)CH(NHCOCH,)COjH (B) 

(B) + HjO + (O) -♦ (— SCHjCHNH CO,H)j 

Acetamidoacrjdic acid is prepared from pjntivic acid and acetamide by 
the method of Bergmann and Grafe (2) As pomted out by previous 
investigators (2-4), a-acetamidoaciyhc acid, an eneamide, can also have a 
tautomenc imide form, but the amide structure is believed to express 
better the behavior of the compound m the present cystine synthesis 

Addition of thiolacetic acid to a-acetamidoacryhc acid is accomplished 
in the presence of a trace of ascandole as catalyst, gn mg N,S-diacetyl-DL- 
cysteine, m p US", in a yield of 85 per cent of the theoretical N,S- 
Diacetylcysteine of unspecified optical character has been prepared previ- 
ously by the action of ketene on cysteine and reported to melt at 111-112° 
(5) and at 109-110° (6) Hydrolysis of the diacetyl deniative with con- 
current oxidation by lodme gives 72 per cent of the theoretical amount 
of cystine 

This paper is based on work carried out under the supeiw ision of Dr W 
A Lazier' for the Office of Scientific Research and Development under 
Contract OE]\lsr-377 with E I du Pont de Nemours and Compan 5 ’’ 

EXPERIUENTAl. 

a-Aceiamidoacryhc Aad — a-Acetamidoacrjdic acid and o;,a-bis(acet- 
amido)propiomc acid were obtained by heating pjttimc acid with acet- 
amide, as desenbed by Bergmann and Grafe (2) Warming the bisacet- 
anudo compound with acetic acid produced additional amounts of the 
desired acrylic denvative, as reported by these authors 

NfS-Diacelyl-Ttircysieitie — ^To a mixture of 1 78 gm of a-acetanudo- 

* Contnbution No 237, see Farlow (1) 

' Present address, Chas Pfizer and Companj , Inc , BrooUjn, New York 
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SYNTHESIS OF Cl STINE 


acrylic acid and 10 ml of thiolacetic acid (7) was added a fi action of a drop 
of ascaiidole, and the ini\tuie nas lefluxed for 20 minutes until solution 
nas complete, and then foi an additional 15 minutes Evapoiation of the 
reaction mixtuie in a vacuum desiccatoi gave a ciystalline residue vhicli 
was leciystalhzed from a mixture of chloroform and petroleum ether The 
lecrystalhzed addition pioduct melted at 118° and had a ncutial equivalent 
of 203 as compared with the theoretical value of 205 for diacetyl cysteine 
The 3 ’-ield was 2 41 gm (85 per cent) 

Cyshne—A solution of 1 03 gm of diacetylcysteinc in 10 ml of concen- 
trated hydiochloiic acid was boiled gently and a 0 53 n solution of iodine in 
methanol was added from a burette in portions of about 0 2 ml , as lapidly 
as decolorized until a permanent coloi of iodine lemamed foi 5 minutes 
after the last addition 10 ml of iodine solution, oi about 105 per cent of 
the theoretical quantity, were required The addition covered a pciiod of 
30 minutes The solution was evaporated almost to dryness, diluted with 
water, and sodium acetate was added until the solution uas alkaline to 
Congo red paper The cystine, which separated very si only, uas removed 
by filtration and washed with water, alcohol, and ether The drj’’ product 
weighed 0 43 gm or 72 per cent of the theoretical 

Anal 2 /sts— CeHisNsOiSj Calculated C 30 4, H 5 4, N 11 0, S 26 4 

Found “ 30 0, “ 6 0, " 11 7, " 26 6 

As further confirmation of its identity, the cystine was converted by 
sodium-ammonia reduction and alkylation into S-benzyl-DL-cj’’steine> and 
the latter by acetylation into S-benzyl-N-acetyl-DL-cysteme by the methods 
of du Vigneaud and cowoikers (8) These derivatives were found to melt 
at 215-216° and 157°, respectively, as compared with the values of 215-216° 
and 158° reported by du Vigneaud 


STOIMAnY 

A new synthesis of cystine is presented Pyiuvic acid is treated mth 
acetamide to give a-acetamidoaciyhc acid, to which is added thiolacetic 
acid to produce N,S-diacetyl-DL-cysteine Hydrolysis and oxidation of 
the latter produce cystine 
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A COLORIMETRIC METHOD FOR ESTIMATION OF 
DEHYDROISOANDROSTERONE AND ITS 
APPLICATION TO URINE EXTRACTS* 


By PAUL L MUNSON, MARY ELLEN JONES, PHILIP J McCALL, and 

T F GALLAGHERt 

(From the Department of Biochemistry, University of Chicago, and the Endocrinology 
Research Section, Armour and Company, Chicago) 

(Received for publication, May 19, 1948) 

Kerr and Hoehn (2), while investigating the specificity of a modified 
Pettenkofer reaction, observed that dehydroisoandrosterone (DHA) gave 
a strongly positive reaction The similar behavior of chohc acid had long 
been known, and a number of procedures for its quantitative estimation 
based on this color reaction have been described (3-5) We have found 
that the Schmidt and Hughes procedure (4) for the detenmnation of chohc 
acid can be adapted to the photoelectnc colorimeter and used for the 
quantitative detenmnation of DHA Further studies on the specificity 
of the reaction for DHA, on a quantitative basis, have enabled us to make 
certain generahzations concermng the structural features necessary for a 
positive color test We have also made a prehmmaxy mvestigation of 
the apphcation of the color reaction to extracts of human urme and, with 
certam reservations which will be discussed, we beheve that the color 
reaction provides a simple analytical method for DHA apphcable to ex- 
extracts from natural sources The method should be of value m the 
further mvestigation of the metabohsm of DHA m normal and pathological 
mdividuals, particularly the r61e it may play as an mtermediate in the 
metabohsm of the adrenal cortical hormones 

EXPERIMENTAL 

Reagents — 

1 Furfural solution A commercial grade of furfural is distilled t\Mce 
on a boilmg water bath under reduced pressure The middle fraction only 
IS retained from each distillation For a satisfactory product it is essential 

* Preliminary reports ii ere presented at the American Association for the Advance 
mcnt of Science Gibson Island conference on hormones, 1943 (1), and at the Tech- 
nological Conference, Chicago Section of the American Chemical Societj , Januarj 
24, 1947 

This work nas supported in part by a grant from Armour and Companj and in 
part bj the Dr Wallace C and Clara A Abbott Memorial Fund of the Uni\er 
sity of Chicago 

t Present address, Sloan-Kettcring Institute for Cancer Research, Nets Xork 

73 



74 


estimation of dehydhoisoandeostehone 


that the temperatuie of a boiling Matei bath is not exceeded The nearly 
coloiless pioduct is piomptly dissolved m 50 pei cent acetic acid at a 
concentration of 0 5G pei cent (volume pci volume) and stoied m the cold 
We have found the reagent, stoied at —5°, to be stable for many months 

2 DHA standard solutions A solution containing 10 mg of DIIA or 
11 45 mg of DHA acetate pei 100 ml of glacial acetic acid is prepared, 
and additional standards containing 0 060 and 0 020 mg of DIIA per ml 
are obtained by dilution nith glacial acetic acid In those expeiiments 
m vhich DHA vas used as a standaid, the substance melted at 139-141° 
(coriected), = +10 4° (ethanol) Because DIIA crystallizes in U\o 
polymorphic modifications, the melting point is an unsatisfactoiy criterion 
of puiity We have thciefoie, for the gi eater portion of the work, used 
the acetate of this compound (m p 169-170 5° (coirccted), [aja = +4 2° 
(ethanol)) as the standaid but have expiessed the lesults m terms of DHA 
The acetate gives the same intensity of coloi mole for mole as the free 
hydroxy ketone 

3 Sulfuric acid, IG 0 n 

4 A cclic acid, CO per cent hy weight 

PioMded all test solutions are tieated uniformly, minor changes in 
reagent concentiations, temperature, and time aie relatively unimportant 
The recommended concentiations of leagents differ from those of Schmidt 
and Hughes (4) m piejiaration, their use leads to the same concentrations 
in the final mixture as specified by these authois 

An amount of puie steioid oi of mine extiact estimated to contain from 
10 to 50 7 of DHA 01 its equivalent is transfeired to a calibiated Evelyn 
coloi imetei tube and evaporated to diyness on a water bath under a 
stream of niti ogen The dry residue, if the evaporation has been properly 
earned out, is confined to a small aiea in the bottom of the tube and is 
dissolved in 0 5 ml of glacial acetic acid, with warming if nccessarj'’ The 
solutions in Table I are then added to Evelyn tubes in duplicate oi triplicate 
and mixed 

To each tube indicated m Table I, 7 5 ml of 16 n sulfuric acid aie added 
at 1 minute inteivmls Aftei mixing w^ell, the tube is placed in an efficient, 
laige capacity, constant tempeiature water bath maintained at 67 ± 0 2° 
After exactly 1 2 minutes in the bath, the tube is i emoved and immediately 
placed in an ice bath for 1 minute Aftei all the tubes have been heated 
and cooled (a series of thirty to foi ty tubes can be analyzed com'^eniently), 
the color intensity is detei mined in the Evelyn coloi imetei, wuth Filtei 660, 
t e wave-length of maximum absoiption of the coloi ed pioduct A 
center setting is obtained by adjusting the “blank without fuifuial” to 100 
bincc all the solutions containing fuifural increase slightly in coloi while 
standing at room temperature, the coloiimetiic measuiements are made 
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at approximately the same tune interval (±10 mmutes) after removal 
from the bath 

There is a small but sigmficant day to day vanation m the color mtensity 
developed by DHA standards, even though the same reagents are used 
and the assay conditions are apparently identical It is therefore essential 
that a full set of standards be mcluded in each assay series The color 
produced is affected sigmficantly by changes m furfural concentration, 
H2S04 concentration, bath temperature, and heating time Therefore it 
IS also essential to use the same reagents and assay conditions for standards, 
blanks, and extracts 


Table I 

Jieagcnis for Dehydrotsoandroslerone Deter minalion 



Glacial 
acciic i 
acid 

DBA 

stand 

ard 

solution 

SO per 
cent 
acetic 
acid 

Fur 

fural 

solution 

Unne 
extract 
in gla 
cial ace 
tic acid 


mi j 

ml 

ml 

ml ! 

ml 

Blank without furfural 

IB 


2 0 



Reagent blank 




2 0 


DHA standards (10, 30, and 50 7 levels) 

m 

0 5 


2 0 

1 

Unne extract blank 



2 0 

1 

I 0 5 

tt u 

■ 

i 

1 

' 2 0 

1 

0 5 


Calculalions 

1 The galvanometer readings (C) arc converted to L values (L = 
2 — log (? A convenient table for conversion is included in the manual 
accompanying the Evelyn colonmeter ) If replicate determinations have 
been made, the mean L value for each set of replicates is calculated 

2 To ehminate non-specific color (a) originally present in the extract 
and (6) produced by the action of H2SO4 alone on the extract, the L value 
for the "urme extract blank” is subtracted from that of the “unne ex- 
tract” Occasional unne extracts develop a slight turbidity, uhich also 
IS corrected by the urine extract blank The mean L values of the reagent 
blank and the DHA standards are plotted on graph paper and a cuixc 
drawn connecting the points (The curve deviates slightly from strict 
linearity, thus differing from that obtained in the analj’sis of cholic acid ) 
The DHA content of the urine extract aliquot is estimated by interpolation 
on the graph, and the total DHA content of the extract is obtained by 
application of the appropriate factor An example of a standard cur\ e is 
shown m Eig 1, and a sample set of calculations is gix en m Table II 
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ESTIMATION OF DEHYDROISOANDROSTERONE 
40 



0 10 20 30 40 50 
IIICROGRAIIS OF STEROID 

Fig 1 Calculation of standard curve L = 2-\ogG The solid curve represents 
dehydroisoandrosterone or 3 (/3)-cliloroandrostenone-17 , the dotted curveA’ -’-andros 
tadienone-17 


Table II 


Method of Calculation of Results in DHA Colorimetric Assay 


Determination 

Mean i 
value 

Estimated 
DHA 
content in 
aliquot 

Factor 

Total DHA 
content 





ms 

No furfural blank 

0 0000 




Reagent blank 

0 0459 



1 

20 r DHA standard 

0 1257 



1 

30 “ “ 

0 2818 


1 


50 “ “ 

0 4034 




Urine Extract 57-16 (total volume, 50 ml ) 




! 

0 4 ml 15 dilution 





Extract 

0 3714 




Blank 

0 0163 




Net 

0 3551 

42 2 

625 

26 4 

0 2 ml 15 dilution 





Extract 

0 2231 




Blank 

0 0078 




Net 

0 2153 

21 5 

1250 

26 8 

Mean value for Extract 57-16 




26 6 


Results 

Table HI demonstrates the reliability of the colorimetric method when 
It IS applied to “unknown” solutions of DHA, to mixtures of DHA and 
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androsterone, and to a crude urme extract with and without added DBLA. 
It IS apparent from these results that DHA can be assayed m the presence 
of a non-chromogemc substance and that added DHA can be quantitatively 

Table III 


Appltcaiion of Method to Unknown Solutions 


Solution No 

BHA added 

Androsterone 

added 

Urine Extract 
409 added 

DHA found 

Per cent 
recovery 


7 

7 

ml 1 

y 


1 

32 5 



33 0 

101 5 

2 

22 5 



22 5 

100 

3 

32 0 



32 4 

101 2 

4 

12 0 



12 0 i 

100 

6 

20 0 

40 


20 2 

101 

6 

40 0 

80 


39 8 

99 5 

7 

50 0 

100 


SO 0 

100 

8 

0 


0 5 

14 5 


9 

10 0 


0 5 

24 5 

100 

10 ! 

0 


1 0 

29 0 


11 

20 0 


1 0 

49 0 

100 


Table IV 


Color Intensity from Application of Method to Pure Compounds 


i 

Dehydroisoandrosterone i 

fer cent 

100 

“ acetate 

100 

Potassium dehydroisoandrosterone sulfate 

105 

A'-3(/3)-Chloroandrostenone 17 

102 

A* * Androstadienone-17 

80 

A‘ Pregnenol-303)-one-20 

78 

A‘-Pregnenediol-3(^)21 one 20,21-acetate 

>100 

A®-17-Ethinylandro8tenediol 303), 170) 

76 

AM7-Methjlandrostenediol 303), 170) 

25 

A' Androstenediol-30), 17(a) 

25 

A'-Androstenediol-3 (/3) , 17 0) 

25 

A‘-Androstenetnol-30), 16, 17 

75 

A'-Androstenol-SO) 

55 

A’ ‘-Androstadienol-17-acetate j 

25 

A“ Allopregnenediol-3(a),20O) 

25 

A‘ Pregnenediol-3O),20O) 

<20 


measured in the presence of a relatively crude urmc extract Smce the 
results suggested that the colorimetric determmation of DHA m unne 
extracts was possible, the speciBcity of the reaction was mxestigated 
Table IV lists a series of neutral steroids tested winch ga\ e positn e results 
when the color reaction was apphed under the conditions previously 
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ESTIMATION OP DEHYDROISOANDROSTERONB 


Table V 

Pure Compounds Tested with Negative Results at 060 


Cij-saturated 

Androstanol-3(a)-ono-17 (androstcronc) 


Eliocholanol-3(a)-onc-l7 


Androstanol-3(/3)-onc-17 (isoandrosterone) 


EUocholanol-3(Q:)-dionc-ll,17 


Andro3tanediol-3(a),ll(/3)-one-17 


Androstanol-5-tnone-3,G, 17 

AndrostanGdionc-3 17 

Etiocholanetnone-3, 11,17 

Androstanediol-3(«), 17(a) 

Androstanetriol 2,3 17 

Ci 3 -unsaturated 

3).yYndrostcnonc-17 

A’-Androstcnol-SCal-onc-n 

A’ Etiocholcnol 3(a) one-17 

A’-Androstenol 17(a)-onc-3 (testosterone) 
A^-AndrosteTiedione-3, 17 

A‘-Androstcnedione 3 17 

A^-Androstenctrione-3 11,17 (adrenostcrone) 
A^-Andiostenetriol 3(j3),4 17 (q.) 

A^-17 Methjlandro3tenol-170)-onc-3 (methyl testosterone) 

Cji-saturatcd 

Pregnauol 3(a)-onG-20 

Pregnanol-20(a) one 3 

Allopregnano! 3(a)-one-20 

Allopregnanol-3((5) onc-20 

Prcgnanedionc 3,20 

Allopregnanedione 3 20 

Pregnanetnone 3,11 2D 

Allopregnanetrione-3 G 20 

Allopregnanediol 3(0) 6(a) one-20 

Pregnancdio! 3 4 one 20 diacetate 

Pregnanediol-3(a), 17(a) one 20 

Csi unsaturated 

A^ Pregnenedione-3,20 (progesterone) 

A^-Pregnenol 17(a) dione 3,20 

A^-17-Ethmylandrostenoue 3 

a6 10 PregnadiendioI-3 4 one 20 diacetate 

A'^-Alloprcgnenediol 3(/3),6(|5)-one-20 

A'o Pregnenedione 3 20 

17 Isopropylidenetiocholanol-3(|3) 

A-* Pregnencdiol-ll(/8),21-dione-3,23 (corticosterone) 
A^-Pregnenediol 17(a),21-trione-3,ll,20 (Kendall’s Com 
pound E) 

A' Pregnenol 21 dione-3,20 (desoxycorticosterone) 

Plienols 

Estrone 
a Estradiol 

Estriol 


specified In Table V is listed a series of neutral steroids tested wluch 
^^e less than 5 per cent of the color produced by an equivalent weight of 
DHA, and are therefore considered to be negative 



UTO*SON, JONES, MCCALE, AND OALI.AGHEB 


79 


It IS to be noted from the results presented m Table IV that, -mth the 
exception of DHA and its simple dcnvatives, only four letomc steroids 
gave a positive color test Two of these, namely A'-303)-chloroandros- 
tenone-17 and ®-androstadienone-17, are known to occur m urine 
extracts, and are generally believed to be transformation products derived 
from DHA in the course of the hydrolytic procedure utihzed to free the 
steioids from their conjugates The determination of these compounds 
as DHA would not be erroneous, therefore, and could be advantageous 
smce the formation of artifacts is difficult to control or ehminate The 
other two ketomc steroids, pregnenolone and A®-3(/3)-hydroxy-21-acetoxy- 
20 -ketopregnene, have not as yet been demonstrated m urine, although 
pregnenolone has been found m pig testis by Prelog and coworkers ( 6 ) 
3(/3)-21-Dihydroxy-20-ketopregnene has not as y ot been isolated from natural 
sources Smce the remainder of the compounds in Table III are all non- 
ketomc, they should not mterfere vuth the detemunation of DHA by the 
colorimetric procedure, provided that the extract has first been separated 
mto ketomc and non-ketonic fractions by a suitable procedure 
Smce the relation between color production and concentration of DHA 
IS not strictly lineal m this procedure, and m the application to urine 
extracts A®-3(j3)-chloroandrostenone-17 and A^ *-androstadienone-17 would 
be determmed as DHA, the proportionality between color and concentra- 
tion of these substances must be established It can be seen from Fig 1 
that, while DHA and the chloroketone gne identical color mtensity over 
the range of concentrations investigated, the slope of the curve relating 
color and concentration for A^ ^-androstadienone-17 departs markedly 
from that of DHA While at 10 y the agreement with DHA is excellent, 
with mcreasmg concentration of dienone a relativel)’’ lower color mtensity 
IS developed, a result very probably to be ascribed to the greater destruction 
of the doubly unsaturated compound under the drastic conditions of the 
reaction In order to test whether low concentrations of A^ ^-andros- 
tadienone-17 could be accurately assayed m the presence of DHA and 
3(j3)-chloroandrostenone-17, a mixture of these three substances in equal 
proportions was prepared and assayed at 10 and 30 y levels In both 
mstances the calculated value was obtained for the mixture, and it is 
therefore apparent that unless A’ ^-androstadienone constitutes more than 
one-third of the chromogenic steroids m the color reaction no serious 
deviation from the true value is encountered For greatest accuracy with 
higher concentrations of the dienone the assay must be conducted with 
amounts of about 10 7 A distinction betw'een DHA and the chloroketone 
or the dienone can be obtained by separation of the ketomc fraction mto 
a and (3 subfractions by precipitation wnth digitonin Of the three com- 
pounds only DHA is precipitable with digitonm, and therefore the two 
transformation products will be found m the a-ketomc fraction 
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Table VI illustiates the application of the colorimetiic determination 
of DHA to uime extracts The fi actions studied weie kindly supplied to 
us by Di Richaid Landau of the Depaitment of Medicine, University of 
Chicago, and Di Korn ad Dobiiner of the SIoan-Ketteiing Institute, Non 
Yoik The extracts weie selected pnmarily on the basis of availabilitj 
and aie theiefore not to be consideied characteristic of cither the normal 
or the diseased state The values obtained do serve to indicate, however, 
the fact that chiomogenic compounds of the type of DHA and its trans 
foimation products constitute an appieciable percentage of the ketosteroid 

Table VI 


Colorimclnc Eslimahon of Dchydroisoandrostcrone in Kctonic 
Fraction of Urine Extracts 


Kctosteroids* 

Dehj droisoandrostcronc cquiialcnts 

Total kctonic 
fraction 

a Ketonic 
fraction 

(3 Ketonic 
fraction 

Total ketonic 
frncUon 

a Kctonic 
fraction 

/S Ketonic 
fraction 



mg 


mg 

mt 

8 5 



2 2 



7 6 



1 1 



2 8 



0 3 



0 44 



0 07 



0 23 



0 05 



0 21 

5 9 

0 1 

0 04 

0 24 

0 03 


7 0 

1 2 


0 93 i 

0 27 


8 8 

0 28 


0 56 

0 


5 1 

0 16 


0 35 

0 05 


35 Ot 

30 0 


10 1 

26 2 


* Measured by the HoltorS and Koch (7) modification of the Zimmermann (8) 
reaction 

t Patient with an adrenal tumor 


fraction of urine It is notewoithy that in each instance in winch a- and 
^-ketonic fractions fioni the same mine have been assayed, a considerably 
highei value is obtained in the a-ketomc fi action than in the /5-ketonic 
fi action The exception is a patient mth an adrenal tumor in which the 
excietion of DHA was at a very high level Even under these cuciini' 
stances approximately 40 per cent of the total clnomogen was obtained 
in the a-ketonic fraction In view of the specificity of the coloi reaction 
it may therefore be suggested that the piocediires used in the prepaiation 
of these uiine extracts have lesulted in the conversion of a considerable 
portion of DHA to the chloioketone and the dienone 

DISCUSSION 

Fiom the results obtained with neutral steroids tested and reported 
here, as well as with the acidic and neutral compounds mvestigated by Ken 
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and Hoehn (2), the structural requttemeuts for a positive Pettenkofer test 
can be generahzed Unsaturation in Ring B, oi a group which can gn e 
nse to unsaturation in Ring B, and a hydroxyl group or double bond in 
Ring A axe both essential for the reaction Of the compounds tested, the 
simplest substance conformmg with these requirements is A®-3(0)-hydro\'y- 
androstene, which is approximately one-half as chromogemc as DHA All 
other substances givmg a positive reaction possess an additional functional 
group m the molecule Thus cholesterol, which differs from 3()3)-hydroxy- 
A®-androstene only by the aliphatic side cham at C-17, is non-chromogemc, 
while 30)-hydroxy-AMithocholemc acid gave a positive test (2) The 
intensity of color is thus markedly influenced by the other functional 
groups m the molecule and an approximation of this effect may be made 
A carboi^l group at C-24 is equivalent to a ketone group at C-17 , a ketol at 
C-20,C-21 mcreases the chromogemc effect, a ketone at C-20 is less effective 
than a C-17 ketone, and replacement of a ketone by a hydroxyl group at 
the same position decreases the color mtensity, two hydroxyl groups m 
Rmg D are approximately equivalent to a C-20 ketone in the color reaction 
It should be noted that Ai®-3(a),20{j3)-dihydroxyallopregnene gave a 
positive test, whereas A^ ^®-3,4-dihydroxy-20-ketopregnadiene was nega- 
tive The color reaction, therefore, while not completely specific, is 
quahtatively mdicative of a C-3 hydroxyl together with actual or potential 
unsaturation m Rmg B and oxidation elsewhere m the molecule 

The apphcation of this color test to the non-ketomc fraction of urinary 
extracts should prove of value, smce isolation experiments have shown 
that chromogemc compounds such as A®-3 , 17-dihydroxyandrostene and 
A^-3,16,17-trihydroxyandrostene are present m this fraction .Further 
investigation of the specificity of the reaction would be desirable before 
any considerable rehance could be placed on the method as a means of 
identification of mdividual non-ketomc steroids, but extension to this 
relatoely unexplored fraction should not be overlooked 

We wash to express our appreciation for the advice and encouragement 
received from the late Professor F C Koch tliroughout the course of this 
investigation We also acknowledge the techmcal assistance of Air 
Arthur A Wykes, and thank the Wm S Merrell Company, Cmcinnati, 
and Dr Robert S Shelton, Vice President, for permission to use their 
laboratory facihties dunng the summer of 1943 Among the investigators 
to whom we are mdebted for samples of crystalline steroids are Dr 
Wayne Cole, Dr Lewus Engel, Dr Sejunour Lieberman, Dr H L 
Mason, Dr A D Odell, Dr R E Marker, and Dr C R Scholz 

SUMMAEI 

1 A colorimetnc analytical method for dehydroisoandrosterone (DHA), 
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which IS applicable to urine extracts as well as to pure solutions, has been 
described It is based on the color produced when acetic acid solutions 
containing 10 to 50 y of the steroid are treated at 67° with furfural and 
sulfuric acid 

2 The specificity of the method has been investigated with 56 different 
crj stalline neutral steroids Forty of the compounds gave no significant 
color 

3 The sixteen compounds which gave positive tests may be divided 
as follows (c) DIIA and simple deiivatives including the transfoimation 
products A®-3(/3)-chloroandiostenone-17 and A® ®-androstadienone-17, de- 
ri\ed from DHA during acid hydrolysis of urme, (6) two other neutial 
ketones, pregnenolone and 21-acetoxy piegnenolone, vliich have not as 
yet been shown to occui m mine, and (c) non-ketomc unsaturated steioids 

4 In general the color test indicates the presence of unsatuiation or 
potential imsaturation in Ring B and a hj'dioxyl gioup or double bond in 
Ring A 
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THE EFFECT OF pH UPON THE TOXICITY OF lODOACETIC 
ACID TO YEAST CELLS* 

By J G ALDOUS 

{From the Department of Pharmacology, Dalhouste University, Halifax, A^ova Scotia) 

(Eeceived for publication, May 28, 1948) 

In investigating the respiratory metabolism of cells whose growth has 
been inhibited by the use of vanous agents, it is often advantageous for the 
action of the inhibitor to be irreversible Folloumg an exposure to an 
inhibitorj’- agent of this type, the cells may be freed from the medium con- 
taining the inhibitor, thus permitting an investigation of the altered metab- 
ohsm under a variety of environmental conditions 
The fact that monoiodoacetic acid is a potent inhibitor of fermentation 
was demonstrated many years ago by Lundsgaard (1) That this inhibi- 
tion was dependent upon pH was noted by several vorkers Ehrenfest 
(2) reported that yeast fermentation was totally inhibited by 3 6 X lO'’* m 
at pH 4 6 but that this inhibition gradually decreased as the medium u as 
made more alkaline, until at a pH of 7 0 no inhibition v as apparent She 
concluded that changes m cell permeability were responsible for these 
results and produced evidence purporting to support this conclusion 
Following these early obsen'ations lodoacetic acid was widely used as a 
tool for mvestigating the mechamsm of carbohj'drate metabolism in a 
vanety of cells and tissue preparations In spite of this w'ork there resulted 
little unanimity of opmion as to the specific mode of action of the compound 
Both Dickens (3) and Lohmann (4) showed that lodoacetic acid inhibited 
glyoxalase in liver slices and, from the fact that reduced glutathione restored 
the activity of their mhibited preparations, concluded that — ^SH groups 
w'ere involved m the inhibition This w ork w as earned on at a pH of 7 4 
With the exception of a paper by CajTol (o) little appears to hai e been 
reported regarding the toxicitj’- of lodoacetic acid This author obsen cd 
that in acid media respiration, fermentation, and cell diiision were inhib- 
ited, while at neutrality only fermentation was effected bj"^ the same con- 
centration of inhibitor 

Recentb’’ ICinsej" and Grant (6) classified lodoacetic acid as a “re\ ersible” 
inhibitor because the depression of growth and respiration obsen ed while 
the drug was in contact with the cells disappeared upon resuspending the 
cells in fresh medium The pH of the medium here w as 5 5 
Work with lodoacetic acid has been in progress in tins laboratory for a 

• This investigation was supported bj' funds from the National Cancer Institute 
of Canada 
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yeai, and under the expeiimental conditions emploj'^ed the effect of the 
inhibitoi was alw^aj’^s iireveisible Since exposures of the yeast suspensions 
to the poison w^eie always made at a pH of 4 5 and under these conditions 
the lesults w^eie at a vaiiance with those lepoited at slightly more alkaline 
conditions (pH 5 5), it w^as decided to investigate m detail the question of 
whethei acidity of the medium was lesponsible foi these inconsistencies 
These studies emphasize the fact that pH has a maiked effect both upon 
the dissociation of lodoacetic acid and upon the toxicity of the inhibitoi to 
3'^east cells, especially ovei the lange, pH 3 5 to 5 5 Moieovei, the toxicity 
appears to be diiectly pioportional to the concentiation of the undisso- 
ciated lodoacetic acid molecules 

Materials and Methods 

Method A — Cells of Saccharomyces ceiemsiae oiiginally obtained fiom a 
single cell isolation were gioAvn for 18 liovns on plates oi MiIIot (7) agar 
medium incubated at 20° Aftei hai vesting, the cells w'ere wnshed twoce 
by centiifugation wuth phosphate buffer (0 05 m KH 2PO4) and weie finally 
made up as a 1 pei cent suspension in phosphate buffei Aliquots of this 
suspension w^eie then centiifuged and the packed cells lesuspended m phos- 
phate buffer adjusted to pH values of 3 5, 4 0, 4 5, 5 0, and 5 5 5 ml of 

each suspension w'ere placed in each of five L-shaped test-tubes immeised in 
a constant temperatuie bath at 20° 3 ml of phosphate buffei at the coiie- 

sponding pH w^eie added plus 1 ml of 10 per cent solution of glucose in 
phosphate buffei adjusted to the coiiespondmg pH This mixtuie was 
shaken for \ houi , at w^hich time 1 ml of 10"* m lodoacetic acid (pH 4 5) 
was added to each suspension A sixth aliquot to wdiich no lodoacetic acid 
w'as added sen'^ed as a control Aftei i houi each tube wns sampled foi 
viable cells, the piocedure being that of serial dilution Sampling, diluting, 
and the final plating out into the Miller gelatin medium w^eie all cairied out 
in duplicate 

In two expel iments in this series, the KH2PO4 buffei wxas leplaced by the 
Mcllvaine citric acid-phosphate buffei aftei it had been established that 
this proceduie did not alter the characteiistics of the respiiatorj’- metab- 
olism Identical results w^ere obtained in both cases 

Results 

Viable cell counts carried out according to the above proceduie vaiied 
from 0 to 100 per cent (per cent of the contiol colony count) as the pH was 
mci eased from 3 5 to 5 5 The actual figures aie lecorded in Table I, from 
which it IS immediately apparent that the gieatest toxicity is pioduced in 
the most acid environment 

The possibility that these results might be due to varymg degrees of 
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dissociation of the lodoacetic acid was then considered Accordingly, the 
percentage dissociation of the acid at various points throughout the range 
covered m the above experiments was calculated, and, smce toxicity de- 
creases with increasing dissociation, the per cent xmdissonated acid was 
plotted against pH Such a plot is indicated m Fig 1 
Wlien viability is plotted agamst concentration of undissociated acid, as 
has been done in Fig 2, one obtains a fair approximation to a straight line 
This may be taken as an indication that the irreversible toxic action of 
lodoacetic acid is directly proportional to the concentration of the undisso- 

TabiiE I 

Influence of pH upon Toxicity of lodoacetic Acid 
The amount of lodoacetic acid added in all cases was 1 ml of lO"* m to 9 ml of 
yeast suspension The per cent viability represents the per cent of the control (un- 
treated) colony count Undissociated acid concentrations were computed from 
Fig 1 


pH* 

Per cent viability 

Undissociated acid, X u 

3 5 

0 

8 0 

3 7 

0 

7 0 

3 9 

0 

6 0 

4 1 

5 

5 0 

4 35 

15 

3 8 

4 5 

40 

3 1 

4 85 

81 

1 6 

5 0 

100 

1 2 

5 45 

90 

0 4 

5 5 

100 1 

1 

0 4 


* pH measurements taken immediately prior to addition of lodoacetic acid to 
yeast suspension 


ciated molecule Confirmatory evidence for this conclusion v as sought b}’’ 
an entirely different procedure based upon the folloinng reasoning 

If the concentration of the undissociated acid is the factor responsible for 
the toxicity of the drug, then one should be able to expose the cells to ^ ary- 
ing concentrations of lodoacetic acid under conditions of constant pH and 
obseive much the same phenomenon Moreover, smce the degree of disso- 
ciation at anj’- pH is knovm, the viable cell counts from such an experiment, 
vhen plotted against the concentration of undissociated acid (rather than 
against concentration of the acid added), should fall along the same line as 
' that showTi m Fig 2 A senes of such experiments vas earned out as mdi- 
cated below 

Method B — ^The harvested, washed cells were made up as a 1 per cent 
suspension in phosphate buffer, pH 4 5 Each L tube recen ed 5 ml of 




20 40 60 80 100 

PERCENT UNDISSOCIATED ACID 

Fig 1 The dissociation curve for lodoacetic acid calculated from i? d = 7 5 X 10~‘ 



fuNDISSOCIATED ACID] X IQT^M 

Fig 2 Viabilitj of j east cells as a function of the concenti ation of uiidissociated 
2 odoicctic ncid O , the result from experiments in ndiich the uiidissociated acid con- 
centration i\ as varied b} changing the pH of the medium (Method A) O , the result ' 
from c\porimcnts earned out under conditions of constant pH the undissociated acid 
concentration being \aried bi' changing the concentration of the inhibitor that was 
added to the yeast suspension (Method B) 

86 


J G ALDOGS 


87 


yeast suspension, various amounts of phosphate buffer, and 1 ml of 10 per 
cent glucose solution After the i hour equilibration period, various quan- 
tities of 10~^ M lodoacetic acid (to make the total volume of each tube to 10 
ml ) were added and the whole mixture shaken for § hour pnor to sampling 
for viable cells In some experiments m this series the ICH 2 P 04 was re- 
placed by the citric acid-phosphate buffer (pH 4 5) with no change m results 
The final concentration of lodoacetic acid in this senes ranged from 2 X 10"* 
M to 2 X 10~’ M Since, at a pH of 4 5, 30 per cent of the acid exists in the 
undissociated form, each of the concentrations of acid used was multiplied 
by 0 3 and the lesulting values from the four expenments together with cor- 
respondmg viabilities were plotted in Fig 2 

DISCUSSION 

It will be noted that the pomts m Fig 2 show a certain amount of scatter 
about the line intended to represent their average This situation is largely 
due to the difficulty m mamtaimng the pH at any given value m this acid 
range 

The maintenance of constant pH m a suspension of yeast cells that are 
actively metabolizing glucose presents a difficult problem, especially if one 
seeks to use a buffer which does not modify the metabohc charactenstics 
of the cells Potassium dihydrogen phosphate is a poor buffer over the 
range covered in the above experiments, and its use necessitated frequent 
pH determinations For this reason all of the exiieriments n ere repeated 
with the McUvaine citnc acid-sodium phosphate buffer, which n as found 
to maintain the pH of the medium at its onginal value over reasonably long 
periods of time 

The interpretation of the data presented m Fig 2 is fairly obnous, al- 
though it is somewhat surpnsmg to find that the undissociated molecule 
rather than the lodoacetyl ion is the species responsible for the irreversible 
toxicity 

Preliminary measurements of the respiratory charactenstics of the sus- 
pensions treated even mth low concentrations of lodoacetic acid shov 
almost a complete absence of both aerobic respiration (ox-j gen consumption 
and CO 2 production) and anaerobic fermentation This association of 
irreversible cellular damage v ith cessation of respirator}' actn ity is inter- 
esting when compared to the situation obtaining under more alkaline con- 
ditions In those experiments in vhich an exposure to lodoacetic acid vas 
made at a pH of 5 5, all the cells developed normally and shov ed % erj little 
change in lespiratory actmtj Nei ertheless, under these and more alLa- 
hne conditions, vhen the lodoacetjl ion predommates, a veil defined inhi- 
bition of respiration has been noted as long as the toxic ion is present in the 
medium Here, hoveaer, there appears to be a selectmtj of action asso- 



88 


TOXICITT OF rODO\CETIC ACID 


ciated A\atli the ion, since CO2 pioduction is depiessed but o\ygen consump- 
tion fi equently 1 emains unaltered This would seem to point to a diffei ence 
in specificity of action between the ion and the molecule, although one must 
also consider the possibility that iiieveisible celluhu damage (obtained 
under acid conditions) ma3’’ in itself lead to cessation of all lespiiatory 
activity Ceitamty the above evpeiiraents indicate that the lodoacetic 
acid molecule has a much gieater affinity foi the cell than does the lodo- 
acetyl ion 


SUMMARY 

As a result of evpeiiments peiformed undei conditions of vai3'-ing pH and 
of vaiying lodoacetic acid concentration it has been demonstiated that the 
11 reversible to\ic action of the inhibitor towaid j'^cast cells is piopoitional 
to the concentiation of undissociated lodoacetic acid At pll values lovei 
than 5 0 the action of the inhibitor is iiieveisible, while in media moie alka- 
line than 5 0 the action is reveisible 
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STUDIES ON AMINO ACID EXCRETION IN MAN 
II AMINO ACIDS IN FECES* 

Br A LEONARD SHEFFNER, JOSEPH B KIRSNER, and 
WALTER L PALMER 

(From the Frank Billings Medical Clinic, Department of Medicine, University of 

Chicago, Chicago) 

(Received for publication, June 17, 1948) 

The fecal nitrogen of normal man remains relatively unchanged despite 
considerable variation m protein nitrogen intake, provided that the dried 
weight of food is kept constant (1) Whether or not the fecal ammo acids 
maintain a similar constancy despite variation m the amino acid content 
of the diet has not been adequately investigated heretofore 

The purpose of this paper is to report the data obtained by miciobio- 
logical measurement of eight amino acids m the food and m the feces of 
two healthy, adult men fed a variety of diets The preparation of feces 
samples for ammo acid analysis by the microbiological techmque also is 
described 

Anal 3 ^es were performed on acid-hydrolyzed samples, and therefoie the 
total amounts of the ammo acids methiomne, lysme, argimne, histidine, 
leucme, isoleucine, valine, and threonme were measured The results 
mdicate that, despite great differences in the amounts ingested, the quantitj'- 
of individual ammo acids as well as the total nitrogen m the feces remains 
relatively constant 


EXPERIMENTAL 

As described previously’’ (2), the subjects were two healthy 3 ’’oung mem 
hospitalized for the purposes of this investigation m the metabolism section 
of the Albert Merntt Billings Hospital They' were permitted normal 
activity Each diet was studied for two consecutive 6 day periods, follow- 
mg a 3 day mterval which permitted adjustment of the subjects to the 
change in food Though the intake of protein vas varied, the caloric intake 
and the v eight of dried matter were kept as uniform as possible throughout 
the study by adjustment of the carbohy'drate content of the diet Suffi- 
cient amounts of carbohydrate, fat, and vitamin supplements iicre admin- 
istered to make the diets nutntionally' complete Tlie preparation and 

* A portion of this study was p-essnted befo-e the Division of Bio’osical Chem 
istrj at the Chicago meeting of the American Chemical Society, Ap-il, 1948 

This study vas supported in part by grants from the Evaporated Milk Associa 
tion and the American Dairy Association 
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analysis of the food and the microbiological proceduie utilized in this study 
have been desciibed in a previous publication (2) 

E\cept in Peiiods 9 and 10, in which crystalline methionine Avas added to 
the diet, the amount of individual ammo acids ingested AA^as varied by 
changing either the quantity oi type of piotein in the food With the ex- 
ception of methiomne, no attempt AA^as made to study the effects of added 
indiAudual ammo acids upon the excietion in feces of the othei amino acids 
Collcchon and Pieparahon of Feces Samples foi Anahjszs — ^Feces AA’eie 
collected into a laige, Aveighed, coveied glass muxing boAAd and stoied in the 
lefiigeiator foi each 6 day peiiod Theie Avas no obvious decomposition 
of the feces thiough giOAAdh of bacteria oi mold Each 6 day collection AA’’as 

maiked by 0 3 gm of caimine admimsteied to the subjects just piioi to the 
fiist meal of the peiiod and at the end of exactly 6 days, the feces betAA^een 
the tAAm maikeis AA^eie saved foi analysis 

The total collection of feces foi each peiiod A\'as AA'eighed and homogemzed 
AAuth distilled AA'atei in a Waiing blendor Measured aliquots AA^ere then 
taken foi total nitiogen and foi ammo acid analysis Total nitiogen AA^as 
deteimmed by the semimicio-Kjeldahl proceduie AAnth selemum dioxide 
and cupiic sulfate as the digestion catalysts 
Foi ammo acid analysis, 2 5 to 3 gm of the homogenized sample AAeie 
AA’’eighed accuiately into a conical beakei and autoclaved AAith 20 ml of 
4 N hydiochloiic acid for 10 liouis at 120° The samples AA^eie then boiled 
10 minutes vath 250 mg of norit A, filteied by suction, adjusted to pH G 8, 
and made up to a Amlume of 1 litei All samples AA'eie hydiolyzed in dupli- 
cate and each hydiolysate AA^as analyzed at thiee diffeient leA’^els of con- 
centiation 

The noiit A treatment is impoitant m the prepaiation of the samples 
because it remoA'^es certain unidentified substances m feces aaIucIi stimulate 
the groAvth of the assay oigamsms and cause apparently excessnm lecoA'-eiies 
of added ammo acids KecoA'^eiy of puie ammo acids added to noimal 
human feces befoie hydrolysis langed from 93 to 108 per cent 

RESULTS AND DISCUSSION 

The data foi the eight ammo acids aie piesented m Table I Since there 
A\ere no significant diffeiences betu^een the lesults foi each subject, the 
A^alues foi both in each peiiod Aveie aveiaged togethei The fecal nitrogen 
lemained lelatiA’-ely constant thioughout the study 
The intake of histidine pei 6 day period ranged fi om 6 9 to 13 8 gm The 
vanation in the intake of the lemaining seven ammo acids Ai^as gi eater, 
being highest for lysine, 13 2 to 31 7 gm pei period Nevei theless, the 
total output of each amino acid in the feces per 6 day peiiod did not vaiy 
more than 0 55 gm , plus or minus, from the mean output for the particular 
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ammo acid The values for methiomne m the feces never vaned more than 
0 2 gm from the mean, even when 6 0 gm of DL-methionme vere added to 
a diet adequate to mamtain the subjects in positive mtrogen balance 

Table I 


Mtcrdbiologically Available Amino Acids in Feces of Two Adull Men Fed Various Diets 
Each value represents the averaged result for the two subjects studied for a 6 daj 
period 


Penod 

No 

Jlctliiomne 

L^sme 

Arginine 

Histidme 

Ingested 

In feces 

Ingested 

In feces 

Ingested 

In feces 

Ingested 

In feces 



gm 

gm 

gm 

gm 


gm 

gm 

1 

11 s 

0 8 

31 7 

2 9 

26 0 


13 S 

0 7 

2 

11 5 

0 6 

31 7 

2 6 

26 0 


13 8 

0 8 

3 

6 4 

0 7 

13 2 

2 1 

13 3 


6 9 

0 6 

4 

6 4 

0 8 

13 2 

2 6 

13 3 

1 6 

6 9 

0 7 

5 

11 0 

0 7 

30 8 

2 3 

24 7 

1 6 

12 7 

0 7 

6 

11 0 

0 7 


2 4 

24 7 

1 4 

12 7 

0 7 

7 

8 8 

0 5 

23 8 

1 9 

23 6 

1 2 

11 9 

0 7 

8 

8 8 

0 7 

23 8 

2 2 

23 6 

1 5 

11 9 

0 7 

0* 

14 8 

0 9 

23 8 

2 5 

23 6 

1 7 

11 9 

0 9 

10* 

14 8 

0 7 

23 8 

2 3 

23 6 

1 6 

11 9 

0 7 

Penod 

No 

Leucine 

. . 

Isoleucine 

Vabne 

Threonine 

Infiested 

In feces 

Ingested 

In feces 

Ingested 

In feces 

Ingested 

In feces 

1 

39 0 

2 9 

28 4 

2 3 

27 5 

2 6 

19 8 

2 2 

2 

39 0 

2 5 

28 4 

2 0 

27 5 

2 4 

19 8 

1 9 

3 

24 7 

2 2 

17 1 

1 0 

16 9 

1 9 

11 5 

1 5 

4 

24 7 

2 5 

17 1 

1 8 

16 9 

2 0 

11 5 

1 4 

5 

37 0 

1 S 

27 3 

1 5 

24 5 

1 5 

IS 5 

1 C 

6 

37 0 

1 S 

27 3 

1 7 

24 5 

1 8 

IS 5 

1 7 

7 

34 7 

2 0 

22 2 

1 6 

23 0 

1 5 

17 2 

1 4 

8 

34 7 

2 4 

22 2 

1 4 

23 0 

1 6 

17 2 

1 6 

9* 

34 7 

2 S 

22 2 

2 2 

23 0 

2 2 

17 2 

1 7 

10* 

34 7 

2 4 

22 2 

1 7 

23 0 

1 9 

17 2 

1 7 


* 0 gm of DL methionine added per period, supplementing the diet fed during 
Periods 7 and S 


To stud}’’ the other extreme, one of the subjects was later placed on a diet, 
the major protein of which was supplied by a peptone solution treated with 
3 per cent h} drogen pero’^de to destro}’’ some of its methionine This diet 
At as followed by a regimen m tthich the peptone was treated wnth 30 per 
cent h}^drogen peroxide In both instances the dail} diet was supple- 
mented b} 125 gm each of DL-tiyptophan, L-tiTosme, and L-CAstine to 
compensate for the destruction of these ammo acids bj' the peroxide The 
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total quantity of methionine ingested was only 2 3 gm in the first 6 day 
period and 0 9 gm m the latter The amount of methiomne excreted in the 
feces m each period was 0 9 and 0 6 gm respectively, values within 0 2 of 
the mean estabhshed on diets contaimng adequate quantities of methionine 
Although the hydrogen peroxide-treated peptone is relatively low also in 
histidine and leucine, the quantities of these ammo acids m the feces like- 
wise did not decrease during the ingestion of the peptone diet 

It IS appaient, therefore, that the quantity of ammo acids excreted m the 
feces remains compaiatively constant despite relatively large changes m 
the individual ammo acid content of the diet Also, analysis of the dilute 
acid extract of feces, deproteimzed by tungstic acid precipitation, reveals 
minute, if any, ammo acid activity microbiologically, and hydrolysis of the 
protem-fiee extract does not increase this activity Therefore, practically 
none of the fecal ammo acids can be considered as free, polypeptide, or 
conjugated ammo acids 

No conclusions can be made concernmg the direct source of fecal ammo 
acids on the basis of the data obtained m this study However, the lesults 
indicate that the nitrogen represented by any of the eight ammo acids 
studied maintains a fanly constant proportion to total fecal mtiogen 
This finding is m agi cement with the commonly accepted thesis that the 
gieatest poition of fecal nitrogen is m the foim of bacterial protein and that 
the intestinal bacteria produce piotem of constant composition In addi- 
tion, if the intestinal bacteria deiive nutrition from iinabsorbed proteins 
and ammo acids, variation m the ammo acid content of the diet, although 
causing no change m the composition of bacteiial piotem, would, howevei, 
produce a vaiiation m the total quantity of piotem m the feces The rela- 
tivelj'' constant excretion m the feces of the eight ammo acids studied indi- 
cates, theiefore, that the fecal ammo acids aie not unabsorbed lesidues of 
the diet Piesumably, they lepiesent pait of a constant supply of protein, 
probabb'- digestive enzymes, secreted into the lumen of the gastrointestinal 
tract and excieted as such or conveited into bacterial protein befoie elimi- 
nation fi om the body 


SUMMARY 

1 The total quantity of each of the ammo acids methionine, lysine, 
aiginme, histidine, leucine, isoleucine, valine, and tlneonme was measuied 
miciobiologically m the food and feces of two normal adult men 

2 The special prepaiation of feces samples for the ammo acid analysis 
by the microbiological technique is described 

3 The results indicate that, despite great diffeiences m the amounts fed, 
the total quantity of mdividual ammo acids excreted m the feces remains 
comparatively constant 
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4 It 13 suggested that these fecal ammo acids represent ammo acids se- 
creted into the lumen of the gastrointestinal tract as components of di- 
gestive enzymes, e\creted as such or converted into bacterial protein before 
elimination from the body 

The authors wish to express their gratitude to Miss Blanche Pansh, R N , 
for supervising the collections and care of the subjects, to Miss Minnie 
Brandt for composing and prepaiing the diets, and to the subjects, Mr 
John DouU and Mr Richard Herz, for their cooperation 
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STUDIES ON THE CYCLOPHORASE SYSTEM 
II THE COMPLETE OXIDATION OE FATTY ACIDS 
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In the first paper of this series (1) a detailed description was given of the 
method of preparation and the properties of the cyclophorase system from 
rabbit kidney and hver which catalyzed the complete oxidation of pyruvic 
acid to carbon dioxide and water by way of the citric acid cycle The 
present commumcation deals with the complete oxidation of fatty acids 
to carbon dioxide and water as catalyzed by the same cyclophorase-con- 
tainmg preparations from kidney and hver 

Leloir and Munoz (2-4) were the first to achieve i3 oxidation of fatty 
acids m cell-free preparations from ammal tissues If we consider the 
extreme mstabdity of the system from rat and gumea pig hver with which 
they worked, it is mdeed remarkable that they should have discovered 
essentially all the important requirements for activity of the enzyme 
S 3 ’’stem They estabhshed the necessity for the following four components 
(a) magnesium ions, (b) phosphate ions, (c) adenylic acid or adenosine 
triphosphate, and (d) cytochrome c They recognized that the oxidation 
of fatty acids had to be primed or sparked, as it were, by the simultaneous 
oxidation of one of the mtennediates m the citric acid cycle They ob- 
served that comcident with the oxidation of fatty acids inorganic phosphate 
was taken up while a substance answering the description of phospho- 
pyruvic acid accumulated Under one set of conditions, butyric acid u as 
oxidized only as far as acetoacetic acid, while imder other conditions, or 
even ivithout a change in the conditions, butjvic acid u as oxidized beyond 
the stage of acetoacetic acid Leloir and iMufioz found that fatt 3 '’ acids 
from C 4 to Cs weie oxidized most rapidly in their hver mmee 

More recently the problem has been taken up by Lehninger (5-10), vho 
has described a malonate-msensitive S 3 ^stem m hver which catalyzes the 
oxidation of octanoate and other fatt 3 ’^ acids quantitatively to acetoacetic 

* Senior Fellow in Cancer Research, American Cancer Socictj , upon recommenda- 
tion of the Committee on Growth of the National Research Council Present ad- 
dress, Department of Anatom3 , School of iledicine, The Johns HopLins Unn ersitj , 
Baltimore, Maryland 

t Present address, Institute for Enzyme Research, UnnersiU of Wisconsin, 
Madison, Wisconsin 
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acid The malonate insensitivity of Lehninger’s system contrasts with 
the malonate sensitivity of the Leloir and Munoz system Lehnmger 
has also observed that the oxidation of fatty acids can be sparked by the 
cooxidation of a-ketoglutaiate, but he has claimed m addition that adeno- 
sine triphosphate in laige excess can replace the cooxidation system The 
necessity for adenosine triphosphate led Lelmingei to the view that the 
fatty acids were phosphorylated enzymatically with the formation of 
acyl phosphates 

Results 

Otidahon of Fatty Acids by Kidney 

Components of Fatly Acid Oxidation System — ^The ladney enzyme system 
prepared as desciibed under “Experimental” will oxidize fatty acids when 
fortified with adenosine triphosphate (oi adenosine monophosphate), 
magnesium ions, and morganic phosphate In numerous studies with 
acetic, butyiic, |3-hydroxybutyric, crotonic, vinylacetic, and /3-ketocaproic 
acids, it was obseived that the rate of fatty acid oxidation may be strilcingly 
reduced in the absence of any one of these additions The magnitude of 
these effects is highly vaiiable With a veiy fresh enzyme preparation 
they may be absent or slight, or appeal only rather late m the experiment 
Howevei, with a piepaiation even a few hours old they aie usually apparent 
at the very beginning of the expeiiment, and become more marked as the 
experiment proceeds (Fig 1) 

Rathei early in the present investigation it was noted that the rates of 
oxidation of various fatty acids, m the piesence of adenosine triphosphate, 
magnesium, and phosphate, may frequently be increased significantly by 
adding to the system a small amount (0 3 cc ) of a 1 per cent aqueous 
extract of an acetone powder of pig heait (Fig 1) Undei the ciicum- 
stances, this heart extiact was included in the gieat majoiity of the experi- 
ments here repoited In the followmg papei of th s series, ICnox et al (11) 
have presented evidence that the addition of the extract is equivalent to 
adding a small amount of the sparkei or piimer, le , a substance vhich in 
catalj'tic amount potentiates the oxidation of a fatty acid 

Oxidation of Fatly Acids by Kidney Piepaiations — ^Under the expeii- 
mental conditions obtaining for Table I, ludney enzyme preparations have 
been found to oxidize rapidly (a) all of the satuiated stiaight chain mono- 
carboxylic fatty acids from acetic through n-tridecylic acid with the excep- 
tion of propiomc acid, (6) some substituted and unsaturated deiivatives 
of these acids, and (c) the blanched chain fatty acid, isocaproic acid 

Oxygen uptake data from numerous manometric experiments aie sum- 
marized in Table I, which is largely self-explanatory Substrates weie 
always added to the mam compartment prior to gassing and equihbration, 
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Since oxidative activity is markedly reduced or abolished unless the enzyme 
IS protected by substrate durmg equihbration Inasmuch as oxidation 
proceeds at an unknown and presumably variable rate duimg gassmg 
and equilibration, the total oxygen uptake m such experiments is greater 
than the measured uptake by an amount which can only be guessed at 
by extrapolation As an aid to extrapolation, the rate of oxygen consump- 
tion dunng the first 5 minutes after closmg the taps has been recorded m 
each case 



MINUTES 

Fig 1 Oxidation of crotonic acid, component study The complete system in- 
cluded adenosine triphosphate, magnesium ions, phosphate buffer, heart extract, 30 
micromoles of crotonic acid, and 1 cc of kidney enzyme (RjK) used 5 hours after 
preparation Oxygen uptake m the control without added substrate was 59 c mm 
in 60 minutes 

The data in Table I are consistent with the complete oxidation, to 
carbon dioxide and xvater, of all of the straight chain, saturated, unsub- 
stituted fatty acids ivith an even number of carbon atoms from acetic 
through Ji-Iaunc acid, as well as of the follomng substituted or imsaturated 
denvatives of these acids crotonic, vmylacetic, and i3-ketocaproic acids 
In some instances, eg acetic (10 micromoles) and xinjdacetic acids, the 
recorded o\' 3 ''gen uptake is sigmficantly m excess of theoretical requirements 
for complete oxidation, and the disparity becomes even more marked intb 
extrapolation for the equihbration penod These high values are inter- 
preted as mdicatmg the inadequacy of the correction for oxygen uptake in 
the control without added substrate This correction is based upon the 
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TABIiC I 

On Completeness of Fatly Acid Oxidation by Kidney System 

In all the manometne e\periments, the following additions were made 0 3 cc of 
0 01 ir adenosine triphosphate, 0 2 cc of 0 02 ai magnesium sulfate, 0 5 cc of 0 04 At 
phosphate buffer of pH 7 3, 0 3 cc of heart extract, substrate, and 2 cc of enzyme 
(Iljiv added last) used immediately after pieparation, alkali in the centei well and 
100 per cent oxygen in the gas phase, acids added in the form of neutralized sodium 
salts The interval between the entry of the manometer into the bath at 3S° and the 
closing of the stop-cock vas timed and kept to 5 minutes The values for recorded 
oxygen uptake have all been corrected for the oxygen uptake of the blank experiment 
without added substrate All experiments were carried to completion, i e until 
oxygen uptake wms at a standstill The experiments lasted from 70 to 105 minutes 
in all but one instance (140 minutes) The total oxygen uptake in the controls with- 
out added substrate varied from 7 to 20 microatoms in the vaiious experiments 



Tatty acid 

O'Ofgen uptake, 
microatoms 

Theory, 

microaloms oxygen 

Micro 

moles 

added 

Recorded 
in 1st 5 
mm 

1 

Total 

recorded 

Tor com 
picte 0X1 
dation to 
COi and 
H 0 

For oxi 
dation to 
propionic 
acid COj 
and HO 

Even numbered 

Acetic 

10 

7 0 

47 7 

40 




15 

6 0 

54 5 

60 



Butyric 

5 

12 1 

47 6 

50 




10 

12 6 

94 2 

100 




10 

12 9 

100 1 1 

100 



n-Caproic 

5 

11 5 

74 6 

80 



Caprylic 

5 

11 7 

99 3 

110 



Capric 

1 25 

8 8 

33 4 

35 




2 50 

8 4 

66 4 

70 



Laurie 

1 

7 1 

35 6 

34 


Odd numbered 

n-Valeric 

5 

7 5 

30 0 

65 

30 



5 

5 4 

28 1 

65 

30 


Hcptydic 

2 5 

13 S 

24 S 

47 5 

30 

1 


2 5 

13 1 

24 6 

47 5 

30 



2 5 

12 3 

20 7 

47 5 

30 



5 0 

13 9 

63 0 

95 

60 



5 0 

16 0 

58 5 

95 

60 



5 0 

17 5 

53 9 

95 

60 


Pelargonic 

5 

9 4 

98 0 

125 

90 


Undecylic 

1 

10 1 

19 6 

31 

24 



2 

11 8 

47 1 

62 

48 


n-Undecj’lemc 

1 

8 4 

24 4 

30 

24* 


Tndecy lie 

1 

5 2 

26 5 

37 

30 

Branched chain 

Isocaproic 

5 

5 6 

33 0 

80 

30t 

Denvatues 

Crotonic 

10 

7 5 

92 3 

90 



Vinylacetic 

10 

9 1 

103 2 

90 



^-Ketocaproic 

5 

9 6 

63 9 

70 



• Theory is for oxidation to acrylic acid, COj and HjO 
t Theory is for oxidation to isobutyric acid, COj and H-O 
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assumption that the endogenous substrates m the system are oxidized at 
the same rate m the presence as m the absence of added fatty acid It 
can be shown that this assumption is not vahd m aU cases and that a 
substance like pyruvic acid,* which is present m some enzyme preparations, 
remains unoxidized m the blank but imdergoes complete oxidation m the 
experimental vessel coincident with the oxidation of fatty acids In such 
cases, the recorded oxygen uptake would exceed that attnbutable to 
oxidation of the fatty acid by an amount which would not be completely 
corrected for by that recorded m the blank without added substrate 

As mentioned above, propiomc acid is completely inactive m the kidney 
system The other saturated, straight cham, monocarboxyhc fatty acids, 
from n-valenc acid through n-tndecylic acid, are all actively oxidized 
However, the recorded oxygen uptake m all cases is well below the theoreti- 
cal requirement for complete oxidation to carbon dioxide and water 
The data are consistent with the oxidation of odd numbered fatty acids to 
propiomc acid, carbon dioxide, and water, of isocaproic acid to isobutyric 
acid, carbon dioxide, and water, and of A*® **-undecylemc acid to acrylic 
acid, carbon dioxide, and water In Paper IV Atchley (13) has described 
the use of the counter-current distribution method for demonstrating the 
formation of non-oxidizable residues resulting from the oxidation of n- 
valenc acid and isocaproic acid 

It will be noted m Table I that the amount (in micromoles) of substrate 
used m these expenments was never large, and that it was progressively 
reduced as the length of the carbon cham mcreased The reasons for this 
are twofold First, the activity of these enzyme preparations is regularly 
impaired and may be abolished by prolonged shaking at a temperature 
of 38° Secondly, some of the fatty acids, particularly the higher members 
of the senes, may be readily oxidized at very low concentrations, but 
oxidized poorly or not at all at higher concentrations For example, ti- 
capnc acid was rapidly oxidized to completion at 1 25 and 2 5 micromoles 
per cup, but was completely mactive at 5 micromoles per cup, n-launc 
acid was rapidly oxidized to completion at 1 micromole, was oxidized slowly 
and mcompletely at 2 micromoles, and was entirely mactive at 5 micro- 
moles per cup Even with n-valenc acid, this concentration effect may 
be readily apparent at 10 micromoles per cup and higher 

A considerable number of fatty acids and their derivatives have been 
tested in manomctnc experiments, wnth negative results In the straight 
cham fatty acid series, formic, propiomc, mynstic, palmitic, stearic, and 
oleic acids were found not to be oxidized by the kidney sy’-stem Iso- 

' The estimation of pj ru\ ic acid bx the salicj laldchj de method of Straub (12) has 
disclosed that manj preparations of the kidnej sjstcm, c\cn at the Hi residue stage, 
form during the experiment as much as 1 micromole of pj ruxnc acid per cc of enzj me 
The origin of this pyruvic acid has not been ascertained 
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butyl 1C, isovaleric, acrylic, dimethylaciylic, and A'’ ®-pentenoic acids were 
also inactive over a wide range of concentrations No a-substituted fatty 
acid proved active, eg , a-hydro\ybutyric, a-ketobutyiic, and Q:,^-dihy- 
droxybutjnic acids y-Hydioxybutyiic and 3,4-epoxybutyric acids weie 
studied with paiticulai inteiest as possible intei mediates in the oxidation 
of butyiic acid, in view of the lapid and complete oxidation of vinylacetic 
acid and succinic semialdehyde “ Neithei was found to show any activity 
The mtioduction of a methyl or phenyl gioup in the a or /S position lendeis 
a fatty acid inactive, eg, 2-phenylbutync and 3-methylciotonic acids 
All the dicarboxylic acids tested were inactive, eg , glutaric, adipic, and 
azelaic acids 

Oxidation of Postulated Intel mediates” of |8 Oxidation — ^Assummg that 
ICnoop’s classical theory of successive ^ oxidation (14) is applicable to 
the kidney system under investigation, we would anticipate that /3-hy- 
droxy, a,/3-iinsaturated, and /5-keto acids corresponding to any oxidizable 
fatty acid should also be oxidized The data of Table II show that in 
all but one case^ the postulated “mteimediates”^ of /3 oxidation aie mdeed 
oxidized Wliat is also of considerable interest is that these “mter- 
mediates,” whenever tested, have been found to be oxidized to the same 
end-products as the parent acids When the oxidation of a fatty acid 
involves meiely the loss of a C 2 unit, and particulaily when the product 
of oxidation is inhibitory, eg propionic acid fiom valeric acid, the /3 or 
A“-® derivatives of the parent acid are oxidized to completion only in 
the presence of a consideiable amount of the sparker, even though the 
paient acid may get by on minimal amounts This discrepancy is not 
unexpected in view of the considerations brought up in foot-note 4 /3- 

Hydioxylaiuic acid was found to be a piofound mhibitoi of the fatty 

= Succinic semialdeb 3 'de is oxidized completely to caibon dioxide and water, as 
show n by the follovi’ing experiment 22 8 micromoles W'eie added at the beginning of 
the experiment The observed oxygen uptake due to succinic semialdehyde ac- 
counted for the complete oxidation of 13 4 micromoles, and theie lemamed at the end 
of the experiment S 8 mieromolcs (theory, 9 4 micromoles) 

® According to the manometne data “-undecylenic acid is oxidized down to 
acrjlic acid A* --Pcntenoic acid would be an “intermediate” in this degradation 
and, therefore, should be oxidized in the kidney system No success has attended 
many attempts to show' that it undergoes oxidation in the kidney system The liver 
sjstem can oxidize acrylic acid to carbon dioxide and watei , and it is of interest that 
A-* Xpcntcnoic ivcid is loadilj oxidized in the liver system Its inactivity in the 
kidncj sjstcm may well be due to inhibitoiy effects citliei of the acid itself or of its 
product of oxidation (aciylic acid) 

* The tcim “intermediates” is placed in quotation maiks since, unlike tiue inter- 
mediates, the substances listed m Table II are not oxidized as such by the enzyme 
sjstem, but onij' after they have undergone a transfoiination bi ought about by the 
sparker In another communication, the nature of this transformation will be con 
Eidered in some detail 
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acid oxidase even at concentrations less than 0 1 micromole per cc Hoiv- 
ever, it was possible to demonstrate that it was oxidized to within 75 per 
cent of completion vhen highly active preparations of the enzyme were 

Tabui II 

Completeness of Oxidation of (t-Hydroxy, p-Keto, and a ,p-UnsatuTaled Fatly Acids by 

Kidney System 


Details as in Table I, except that heart extract was omitted and 5 micromoles of 
a-ketoglutaric acid n ere used as the sparker 


Fatty acid dernative 

Micro 

moles 

added 

Micro- 

moles 

utilized* 

Microatoms 

oxyten 

absorbed 

(blank 

subtracted) 

Theory fort 
complete osi 
dation to 
COj and HiO| 

! 

Theory for 
oxidation to 
propionic or 
isobutync 
acid and 
COj and HjO 





mKroatoms Oi 

mtcroatoms Oj 

(ff-g-Hydroxybutync 

2 0 


20 4 

18 



3 0 


26 2 

27 



4 0 


33 2 

36 


dl p Hydroxyvalenc 

2 5 


11 8 


12 6 

dl P Hydroxyisocaproic 

2 0 


10 0 


10 0 

dl p Hydrox> oaproic 

1 5 


21 0 

22 6 


dl p Hydroxyoctanoio 

1 0 


21 4 

21 0 


P Ketovalerio 

2 0 


8 1 


8 0 

0-Ketoisocaproic 

10 0 

3 30 

13 8 


13 2 

p Ketoootanoic 

7 5 1 

3 84 

33 8 

. 38 4 


IsocTotomc 

6 


62 3 

' 54 


A’ ’ Pentenoic 

5 


23 8 


25 

4 Methyl-A’ ’ pentenoic 

2 5 


14 


12 5 

trans A* ’-Hexenoic 

2 0 


32 8 

30 0 

1 


4 0 


62 3 

60 0 


CIS A* ’-Hexenoic 

3 


41 2 

45 0 


Sorbic 

5 


70 

70 



*(5 Keto acids are not oxidized readily in low concentrations An excess of ^ koto 
acid was therefore added and the amount which disappeared during the experiment 
was determined by analysis 

t Theory for dl jS hydroxy fatty acids calculated on the assumption that both the 
d and I forms are oxidized 

tested The 7,6-lactone of tnacetic acid, which is the ketonic analogue 
of sorbic acid, was inactive, whereas sorbic acid was fully active 
Both the CIS and trans forms of a,/5-unsaturated acids are equally actn e 
in the two cases in tvhich they have been tested (Table II) In keeping 
mth this lack of specificity towards geometrical isomers is the mabihtj" 
of the oxidase s3'stem to distinguish between the I and d stereochemical 
forms of ^-hjdroxy acids Five dl acids hate been tested, and m each 
case both isomers w’ere equally oxidized 
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Substituting a tuple bond for a double bond leads to an inactive com- 
pound Thus, a,/S-he\ynoic acid was not oxidized undei conditions by 
which o;,j3-he\enoic acid was oxidized to completion 

Oxidation of Phenyl Fatty ^cids— The classical theory of /3 oxidation is 
based upon the lesults of studies ivith phenyl fatty acids It was there- 
fore of considerable inteiest to deteimine whether the ladney enzjmie 
system could oxidize phenyl fatty acids in the manner postulated by 
linoop (14, 15) The pomt was not easy to test because of the intense in- 
hibitory action of phenyl fatty acids on the fatty acid oxidase system 
Thus, 7 -phenylbutyric acid at a concentration of 0 003 m mhibited com- 
pletely the oxidation of butyric, crotonic, and vmylacetic acids, and mth 
butyric acid was still exeitmg striking inhibition at a concentration as low as 

0 0003 M In 01 del to test oxidizability, 7 -phenyIbutyric acid had to be 
diluted to a pomt at which reliable manometric measurements were no 
longer possible The same difficulty obtained for phenylpropionic acid 
and cinnamic acid at one end of the phenyl fatty acid senes, and foi phenyl- 
capiic and phenyllaunc acids at the other However, it was possible to 
demonstiate consistently the oxidation of 7 -phenylvaleiic and 7 -phenyloc- 
tanoic acids The rates of oxidation of these two phenyl fatty acids were 
not sufficiently lapid to peimit quantitative studies, and it remams to be 
determined how far doivn the caibon cham the oxidation pioceeds 

Sparling 0 ? Pnming of Fatty Acid Oxidation by Members of Citric Acid 
Cycle in Kidney Prepaiations — Fresh enzymes usually oxidize fatty acids 
with great rapidity However, when the enzyme is allowed to stand for 
some hours aftei prepaiation, the capacity to oxidize fatty acids is gieatly 

1 educed, if not abolished This capacity can be lestored by the addition of 
piimeis such as a-ketoglutarate 01 fumarate (Fig 2 ) Similai effects have 
already been leported by otheis (2, 4, 7, 10, 16-19) 

The spaiking of acetoacetic acid has been studied m some detail At 30 
miciomoles pei cup it is legulaily oxidized either very slightly 01 not at all 
in the absence of an added spaiker, even with the most active enzyme pi ep- 
aiations, and just as legularly its oxidation can be sparked by a-ketoglu- 
taiic acid Significant effects aie obtained mth veiy small amounts of the 
sparkei, and the oxidative rate is sustained foi progiessively longei peiiods 
as the amount of a-ketoglutaiic acid is inci eased (Fig 3) In Fig 3 it will 
be noted that with 0 5, 1, and 2 micromoles of a-ketoglutaiic acid, the leac- 
tion having pioceeded to vutual completion at 60 minutes, the total oxygen 
uptake m excess of the appropriate a-ketoglutaiic acid blank, and 
attributable to the oxidation of acetoacetic acid, is in direct propoition to 
the amount of a-ketoglutanc acid added (0 5 156, 1 301, 2 micromoles 605 
c mm of 0 >) Extrapolation for the period of equilibration does not 
seriously affect this proportionality 
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The following experiment mdicates that acetoacetic acid can be com- 
pletely oxidized to carbon dioxide and water m the presence of a-keto- 
glutaric acid 10 5 micromoles of acetoacetic acid were added to each of 
two manometer cups, only one of which was supplemented with 5 micro- 
moles of a-ketoglutanc acid In the cup with the sparker the oxygen up- 
take, corrected for the blank with acetoacetic acid, corresponded to the 
complete oxidation of 7 1 micromoles Analysis by the amlme-citrate 
method (20) showed that 3 6 micromoles of acetoacetic acid remamed 
(theory, 3 4 micromoles) In the cup without an added sparker, the cor- 



0 10 20 30 40 0 10 20 30 40 50 

MINUTES 


Fiq 2 Sparking of acetic acid and vinylacetic acid oxidation by a-ketoglutaric 
acid The complete system w as used n ith 2 cc of kidney enzyme (RjK) in the experi- 
ment with acetic acid and 1 cc of enz 3 Tne in the experiment with vinylacetic acid 
The enzymes were used 5i hours and 30 minutes after preparation respectively The 
oxygen uptake in appropriate controls (without added substrate and with 5 micro- 
moles of a ketoglutaric acid) has been subtracted in all cases, and only the excess 
oxygen uptake attributable to the oxidation of acetic and vinylacetic acids is show n 
in the figure The total oxygen uptake in the controls w ithout added substrate w as 
62 c mm in the experiment with acetic acid, and 53 c mm in that with vinjlacetic 
acid 

rected oxygen uptake corresponded to the complete oxidation of only 1 4 
micromoles of acetoacetic acid 

Although most of the sparking experiments were performed mth «-keto- 
glutaric acid, it was found that all members of the tncarboxjdic acid cycle, 
or substances like glutamate or proline which can give rise to members of 
the citric acid cycle,® could effectively spark the ox dation of acetoacetic 
acid 

The fact that some fatty acids may be readily oxidized at lower concen- 
trations, but oxidized poorly or not at all at higher concentrations, has 

* Taggart, J V , and Krakauer, R , unpublished experiments 
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previously been mentioned This mhibition at higher concentrations can 
frequently be overcome by the addition of small amounts of the spaiker 
A brief description of one experiment will suffice n-Capric acid was 
rapidly oxidized to completion at 1 25 micromoles and 2 5 micromoles, but 
was completely inactive at 5 micromoles per cup, on the other hand, 
5 micromoles of the acid were oxidized with striking rapidity m the presence 
of 5 micromoles of a-ketoglutaric acid 



Fig 3 Sparking of acetoacetic acid oxidation by varying amounts of a-ketoglu- 
taric acid The complete system was used with 2 cc of freshly prepared kidney 
enzjTOe (RjK) The oxygen uptake in appropriate controls (without added substrate 
and with 0 5, 1, 2, 3, and 5 micromoles of a-ketoglutaric acid) has been subtracted in 
all cases, and only the excess ox 3 ^gen uptake attributable to the oxidation of aceto- 
acetic acid is shown m the figure Oxygen uptake in the control without added 
substrate w as 99 c mm in 60 minutes 

It may be pointed out that the conditions of Table I are minimal as far 
as the amount of the sparkei is concerned and that the leproducibility of 
the rates of oxidation was not too good from one enzyme prepaiation to 
anothei At a higher level of the sparker, repioducibihty was excellent 
All compounds were therefore also tested in the presence of about 5 micro- 
moles of the sparker Whenever a fatty acid is referred to as inactive in 
this communication, it is implied that the test for activity has also been 
carried out m the presence of an adequate amount of the sparker 

Faiii/ Acid OxtdaUon with Ferncyamde — In our previous communication 
on the cyclophorase system (1), evidence was piesented that ferncyamde 
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could replace oxygen as the oxidizing agent and that femcyanide ox dation 
could be followed manometncally by measuring carbon dioxide evolution 
Femcyanide has also been found to be effective as an ox dizing agent for 
fatty acids (Table III) The necessity for the sparking of fatty acid oxida- 
tion apphes as n ell to the oxidation by femcyanide as to the oxidation by 
molecular oxygen This particular pomt is discussed by Knox ei al (11) 
Inhibition of Fatly Acid Oxidases — ^At a concentration of 0 003 M, malo- 
nate completely inhibits fatty acid oxidation The same is true for arsemte 
at the same concentration 0 004 m banum ions, even m the absence of 
added morgamc phosphate, abolish the oxidation of butync acid (10 micro- 
moles per cup) Fluoroacetate, which has been extensively mvest gated 


Table III 

Oxtdalton of Fatly Acids by Femcyanide 



Microliters COi | 
per 23 miQ 

1 

Microhters COt 
per 23 mm 

Control (no fatty acid) 

135 

dl jS Hydroxybutyrate 

510 

Acetate 

613 

Acetoacetate 

535 

Valerate 

253 

cis-Hexenoate 

332 

P Ketovalerate 

i 433 

^l-Ketohexanoate 

831 

Butyrate 

1 634 

Sorbate 

700 

Crotonate 

1 484 

Caproate 

600 

Vinylacetate 

1 521 




Eacb manometer cup contained 1 5 cc of kidney enzyme at the 3rd residue stage, 
0 3 cc of 0 01 M adenosine triphosphate, 0 2 cc of 0 02 m magnesium sulfate, 0 1 cc 
of 0 5 M sodium bicarbonate, 0 2 cc of 0 5 it sodium fernc>anide, 0 2 cc of 0 01 it 
a ketoglutarate, and, except for the control, 0 3 cc of 0 1 at fatty acid The gas 
space n as filled n ith a mixture of 95 per cent nitrogen and 5 per cent carbon dio ,ide 
The final volume was made up to 3 0 cc , bath temperature 3S° 


by Bartlett, Barron, and Kalmtsky (21), is an inhibitor of acetic, butync, 
and n-caproic acid oxidation, and requires further mvestigation Propionic 
acid completely inhibits acetic acid oxidation when the tv o compounds are 
present in equimolar concentrations, and markedly inhibits at a concentra- 
tion one-fourth that of the acetic acid Butync acid oxidation is abolished 
by cinnamic acid in equimolar concentration Cinnamic acid, at a concen- 
tration one-tenth that of the substrate, inhibited the oxidation of butync 
and vinylacetic acids about 25 per cent, vhile that of crotonic acid vas 
inhibited about 75 per cent y-Phenjdbutync acid at a concentration of 
0 003 M inhibited completelj' the oxidation of butjnc, crotomc, and \ inj 1- 
acetic acids (0 009 m), and stnking inhibition of butync oxidation vas ob- 
serv'ed e\ en at 0 0003 si concentration 
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Oxidation of Fatly Acids hy Laver 

Most of our experiments have been earned out with the enzyme system 
prepared from rabbit ladney, but the salient features of fatty acid oxidation 
as desciibed above have been found also to apply to the system prepared 
from rabbit liver Here also the oxidation of fatty acids has to be sparked 
by some member of the citiic acid cycle and this spaiked oxidation, under 
suitable conditions, proceeds to completion, ? e , to caibon dioxide and 
water by way of the citric acid cycle (Table IV) The liver fatty acid oxi- 
dase system is somewhat less stable than the Icidney system, but, providing 

Table IV 

Oxidation of Fatly Acids in Rabbit Liver System 
Details as in Table I, except for the addition of 5 microinoles of or-ketoglutanc acid 
as the sparker in both the control and the experimental eups The observed oxygen 
uptake includes the extrapolation correction for the first 5 minutes, during which 
time the stop-cooks were not closed 



Oxygen uptate in microatoms 

1 Theory for 
oxidation 

Tatty aad 

Micromoles 

added 

1 

Obseix cd 

Theory for 
complete 
oxidation 

to 

isobutync 

acid 

Isocrotonic 

5 

3S 

45 


Butyric 

5 

53 

50 


1 

5 

61 5 

50 


Caproic 

3 

42 5 

48 


trans-A“'^-Hexenoic 

3 

39 

45 I 


Sorbic 

5 

63 

70 ' 



7 5 

105 

105 


Isocaproic 

5 

32 7 



Heptylic 

2 5 

26 2 



Capr^dic 

5 

77 

110 


/9-Hydro xycaprylic 

5 

72 

105 



care is taken to maintain the pH during homogenization, there is not much 
choice between the txvo systems 

The liver system differs from the corresponding system in kidney 
m several respects (a) It contains enzymes capable of oxidizing piopionic 
or phenylpropionic acid The oxdation of propionic acid proceeds to 
completion (b) The oxidation of isocapi oic acid in liver® pi oceeds to com- 
pletion, t e to carbon dioxide and water, and, consistent with that obsei va- 

• The propionic, phen 3 lpropionic, and isobutync oxidases can be demonstrated 
in liver preparations only at the stage of the 1st or 2nd residues (RiL, or R-L) Ap- 
parcntl}' some factor present in the first discarded supernatant is either essential for 
these oxidases or is important in their stabilization 
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tion, it can be shown that isobutync acid is bkewise oxidized to completion 
By contrast, tbe kidney system carries the oxidation of isocaproic acid only 
as far as tbe stage of isobutyric acid (or propionic acid) (c) Acetic and 
acetoacetic acids are barely, if at aU, oxidized by bver preparations at tbe 
stage of tbe 3rd residue, altbougb these substances are oxidized readily m 
tbe kidney system It should be pomted out that tbe mabibty to oxidize 
acetic acid is related to the problem of activatmg acetic acid and not to the 
problem of whether activated acetic acid is formed durmg fatty acid oxida- 
tion (d) The bver system has lent itself more readily to the demonstra- 
tion of the “mtermediates,” particularly acetoacetic acid, and this property 
may be mterpreted m terms of a disproportion between the amount of fatty 
acid oxidizmg enzymes and the amount of the cyclophorase system (e) 
The bver fatty acid system at the stage of the 3rd residue is often not com- 
plete when fortified with the usual components Some factor which is other 
than the sparker or adenylic acid, and which is present m an aqueous extract 
of boiled heart muscle, is needed to restore fully the activity of the liver 
system 


Mechanisms of Fatty Acid Oxidation m Liver and Kidney 

The data presented thus far have thrown httle hght on the mechanism 
of oxidative degradation of fatty acids, primarily because they deal mth 
conditions under which fatty acid oxidation proceeds to completion, and 
which, therefore, do not lend themselves to the isolation and demonstration 
of the “mtermediates ” Some data are available which bear on the ques- 
tion of mechamsm and, while the documentation is still mcomplete, certain 
essential features of mechanism are already recognizable For reasons of 
simphcity it may be preferable to list separately the events mvolved m the 
oxidation respectively of caproic and valeric (or isocaproic) acids 


Caproic acid 

1 p oxidation to (3-ketocaproic acid bj 
■way of either <x,p unsaturated or p- 
hydroxy acid 

2 Cleavage of p kctocaproic acid to 
acetic and butyric acids 

3 Condensation of acetic and oxalacetio 
acids to form citric acid 

4 p oxidation of butj ric to acetoacetic 
acid 

5 Condensation of acetoacetic acid with 
oxalacetic acid to form citric acid 

6 Complete oxidation of citnc acid in 
cyclophorase sjstem 


Valeric acid (or isocaproic acid) 

1 p oxidation to p ketov aleric acid (or 
3-ketoisocaproic acid) by waj of 
either a,p unsaturated or p hy- 
droxy acid 

2 Cleavage of /S-ketovalenc acid (or 
P-ketoisocaproic acid) to acetic 
and propionic acids (or isobutjric 
acid) 

3 Condensation of acetic and oxal- 
acotic acids to form citric acid 

4 Complete oxidation of citnc acid in 
cj clophorase sj stem 
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The oxidation of caproic acid diffeis from that of valeric acid or isocaproic 
acid in tn o lespects (a) it leaves no residue aftei oxidation and (b) it gives 
rise to acetoacetic acid The reactions of acetoacetic acid will be considered 
sepal ately fiom those of other /?-keto acids, although the mechanisms may 
well be identical 


Table V 

Acetoacetic Acid Formation during Fatty Acid Oxidation in Liver 
Eacli of the fatty acids was tested m the piesence of 1 5 cc of liver enzyme at the 
Ri residue stage, 0 6 cc of 1 per cent heart extract, and 0 3 cc of 0 01 m a-ketoglutar- 
ate Final volume 3 cc , oxygen in the gas space 33“ The value for acetoacetic acid 
found at the end of the experiment m the blank was usually about 1 micromole dr less 





Microatoms 

Micromoles 

Experiment 

No 

Tatty aad 

Micromoles 

aclded 

ox> gen 
absorbed 
(corrected 
for blank) 

acetoacetic 
acid formed 
(corrected 
for blank) 

1 

Caproic 

40 

163 

14 8 


/3-H3'd roxy caproi c 

40 

124 

13 1 


cis-A* ®-Hexenoic 

40 

30 

1 0 


Irans-A' ''-Hexenoic 

40 

119 

15 1 


Sorbic 

40 

84 

12 5 

2 

Butyric 

50 

40 

6 4 


Crotonic 

50 

21 

6 6 


Isocrotonic 

50 

34 

6 6 


Vinylacetic 

60 

32 

7 2 


i3-Hydroxybutync 

60 

22 

13 6 

3 

Caproic 

40 

154 

15 0 


Octanoic 

20 

132 

12 8 


Valeric 


79 

2 1 


Heptylic 

30 

114 

3 8 


Isocapioic 

60 

93 

1 4 

4 

Caproic 

40 

163 

14 8 


Valeric 


99 

0 4 


o(,/3-Pentenoic 

GO 

75 

0 3 


Isocaproic 

60 

80 

1 1 


4 Mothyl-A‘ ^-pentcnoic 

60 

105 

0 4 


Evidence for ^ Oxidation — The lesults of Table II show conclusively that 
all the postulated “intermediates” foimed dining /3 oxidation of fatty acids 
in the kidney system aie oxidized to the same pioducts and at ap- 
pioximately the same speed as the parent fatty acids By contiast, no 
a- 01 7 -substituted fatty acids were found to undeigo oxidation The livei 
system provides further confiimation of oxidation Under the conditions 
obtaining in Expeiiments 1 to 4 summaiized m Table V, even numbeied 
fatty acids from Ci to Cs aie found to give use to consideiable amounts of 
acetoacetic acid Significantly, the postulated “mtermediates” of /3 oxida- 
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tion of these fatty acids give rise to approximately the same amount of ace- 
toacetic acid as the parent fatty acids It is to be noted that the odd 
numbered fatty acids or isocaproic acid, although oxidized readily under 
the same experimental conditions, give rise to httle if any acetoacetic acid ^ 
Thus acetoacetic acid m this senes of experiments must be presumed to anse 
exclusively from butync acid as an intermediate and the conclusion is per- 
missible that caproic and octanoic acids as well as their corresponding prod- 
ucts of /3 oxidation are oxidized to acetoacetic acid via butyric acid as an 
“mtermcdiate ” 

The above evidence is only mdirect in that it does not estabhsh the forma- 
tion of 0-hydroxy, a ,0-unsaturated acids, or 0-keto acids as ‘‘mtermediates” 
of 0 oxidation, but merely shows that these denvatives behave as true “m- 


TabijE VI 

Oxidation of p-Hydroxy Acids by Liver System 



Microatoms 


Micromoles 

Aad 

i 

oi^gcn taken 
up (blank 
subtracted) 

0 Keto acid formed 

keto acid 
formed (blank 
subtracted) 

dl-P Hydroxybutyrate 

38 2 

Acetoacetic 

21 1 

dl p Hydroxjwalerate 

22 8 

|3-lvetovalerio 

15 1 

dl /3-Hydroxycaproate 

24 0 

Acetoacetic 

3 9 

dl-p Hydroxyoctanoate 

19 7 


3 4 

dl |3-Hydroxyisocaproate 

0 3 


0 6 


Each manometer cup contained 1 5 cc of rabbit liver enzyme at tbe 3rd residue 
stage, 0 2 cc of 0 01 m adenylic acid, 0 1 cc of 0 125 m phosphate buffer of pH 7 2, 
0 1 cc of 0 02 M magnesium sulfate, and 1 cc of 0 1 m tfl jS hydrovy acid Final 
volume 3 0 cc , alkali in the center well, 38” 

termediates ” Acetoacetic acid is the one “intermediate” of 0 oxidation 
which has been established by direct means 

There is present m both the liver and ludney fatty acid oxidizing systems 
an enzyme which catalyzes the oxidation of 0-hydroxybutync acid and some 
of its higher homologues to the corresponding keto acids This oxidase is 
umque among the fatty acid oxidizing enzymes in that its substrate does 
not have to be activated To what extent this enzyme participates in fatty 
acid oxidation is uncertam, but at any rate it prondes the most direct 
demonstration of one phase of 0 oxidation The data of Table YI show 

’ The fact that odd numbered fattj acids do not gn e nee to acetoacetic acid makes 
it necessary to distinguish this rabbit liiersj stem from the rat Incr sjstem of Lch- 
ninger (9) in w hich acetoacetic acid rises cquallj n ell from odd as from e\ cn numbered 
fatly acids Acetoacetic acid accumulates in the crude rabbit Iner sjstem appar- 
ently because of the presence of some substance or substances which inhibit the sub- 
sequent oxidation of acetoacetic acid In more purified rabbit lix er s\ stems, aceto 
acetic acid fails to accumulate to anj significant amount 
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the action of the |3-hydro\y acid oxidase of the liver system on several 
hydroxy acids It will be noted that no spaikei has to bo pionded for these 
oxidations to proceed Only in the case of jS-hydi oxyvalerate does the 
ratio, microatoms of oxygen absorbed to micromoles of keto acid formed, 
approach the theoietical value of 1 In some expeiiments the theoretical 
values foi /3-hydioxyvaleiate and butyiate have indeed been attained, but 
under the same conditions the yield of keto acid lesulting from the oxida- 
tion of /?-hydioxycaproate and /S-hydroxyoctanoate has been almost neg- 
hgible This would suggest that m the latter two cases oxidation proceeds 
beyond the keto acid stage As a mattei of fact the corresponding keto 
acids are not foimed, but instead acetoacetic acid* accumulates No suc- 
cess has attended efforts to stop the oxidation of /S-hydioxycaproate and 
^-h 3 ''droxyoctanoate at the stage of the coriesponding /3-keto acids The 
only /3-keto acids which appeal to be stable under the conditions of the ex- 
periment are acetoacetic acid and /3-ketovaIeric acid Coincident with the 
oxidation of hydroxy acids there is esteiification of inorganic phosphate and 
it may well be this circumstance which explains why the /3-keto acids formed 
m the oxidation undergo fuithei tiansformation, even though added /S-keto- 
hexanoic and /3-ketooctanoic acids aie immune to oxidation under the same 
conditions The /3-hydroxy acid oxidase appears to be a self-spailang sys- 
tem like the oxidase which oxidizes pyruvic acid to acetoacetic acid 

The oxidation of the /S-hydioxy acid to the keto acid is a leversible one 
As shown in Table '\TI, the reduction of vaiious /3-keto acids can be bnlced 
mth the oxidation of a-ketoglutaiic acid to succimc acid and caibon dioxide 
The oxidation-reduction leaction can be followed manometiically by 
measui mg cai bon dioxide f oi mation The revei sible natui e of the hydroxy 
acid oxidase system can also be demonstrated ivith the oxidation-i eduction 
indicator, benzyl viologen In the piesence of /3-hydroxybutyrate and 
under anaerobic conditions, the indicator is reduced to the blue semiqumoid 
form, whereas, ivhen acetoacetate is introduced into the enzyme mixture 
fiom a side arm, the blue color is rapidly discharged 

Cleavage of P-Kelo Acids to Acetic Acid and Residue Fatty Acid — This 
phase of fatty acid oxidation is now leadily demonstiable Valeric acid 

® The rate i\ith 'nhich ^-teto acids are catalytically decomposed by aniline vanes 
inversely \Mth the length of the carbon chain By carrying out the rate studies 
under standard conditions it becomes possible to determine whether acetoacetic acid 
or a higher ^-keto acid is present in the medium The method is applicable or reliable 
when onlj one a-keto acid is present Rate studies applied to the identification of 
the a-heto acids which accumulated during the oxidation of a-hydro\ycaproic and 
octanoic acids showed unequivocally that the curves were superimposable with that 
of acetoacetic acid and deviated very widely from those of the higher a-keto acids 
However, the formation of a-ketovalerate from a-hydrovyvalerate was confirmed by 
the analjsis of the curve for catalytic decomposition 
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(or (3-ketovalenc acid) on oxidation gives rise to propionic acid, which has 
been identified and charactenzed by the counter-current distribution 
method Similarly, isocaproic acid (or jS-ketoisocaproic acid) gives nse to 
isobutyric acid These two end-products could anse only as the result of a 
cleavage reaction leadmg to the formation of acetic acid In that connec- 
tion the mactivity of isovalenc acid is significant and isovalenc acid can be 
excluded as an “intermediate” in the oxidation of isocaproic to isobutyric 
acid 

The cleavage of |3-keto acids mto acetic acid is best shown by experiments 
m which acetic acid is trapped, so to speak, by condensation with oxalacetic 
acid The extra formation of citnc acid from oxalacetic acid m the presence 


Table VII 

Reduction of p-Kelo Acids by a-Keloglularic Acid 


Addition 

Microliters 

COs in 30 nun 

a-Ketoglutarate 

0 

II -h acetoacetate 

111 

II -b p-ketovalerate 

93 

II -b ^-ketohexanoate 

85 

II -b jS-ketoiBocaproate 

44 

II -b /3-ketooctanoate 

3 

Acetoacetate (no a ketoglutarate) 

0 


Each manometer cup contained 1 5 cc of kidney enzyme at the Rj residue stage, 
0 3 cc of 0 01 M adenylic acid, 0 2 cc of 0 02 m magnesium phosphate, 0 2 cc of 0 125 
M phosphate buffer of pH 7 3, 0 1 co of 0 5 si sodium bicarbonate, 0 3 co of 0 1 st 
a-ketoglutarate, and 0 5 cc of 0 1 si di p-hydroxy acid 95 per cent nitrogen, 6 per 
cent carbon dioxide gas mixture in the air space 

of /3-keto acids (Tables VIII and IX) generally provides the most direct 
evidence that acetic acid anses durmg the breakdotvn of /3-keto acids 
These results are m agreement with the expenments reported by Breusch 
(24), Wieland and Rosenthal (25), and Hunter and Leloir (23) This 
Breusch effect (17) might be mterpreted m terms of the /3-keto acids acting 
as hydrogen acceptors Hovever, this mterpretation can be ruled out, 
since (a) the experiments are earned out m oxygen, (6) oxygen is needed for 
the reaction, and (c), as shomi m Table IX, /3-hydroxj'’butyric acid can 
replace acetoacetic acid quantitatively in this reaction 

Condensation of Acetic Acid and Oxalacetic Acid to Form Citric Acid — It 
can readily be demonstrated that acetic acid is not directly oxidized in 
the kidney enzjnne system Everj’’ conceivable stable “intermediate” such 
as glycohc acid, oxahe acid, glj’’oxyhc acid, and glycolaldehj de has been 
tested and found to be inactive The altematii e to direct oxidation is, of 
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course, bj’’ way of condensation Avitli oxalacetic acid and then by entry into 
the leactions of the cyclophoiase system 
The use of isotopes has been essential to decide whether acetic acid can 
condense with oxalacetic acid to foim citiic acid The isotope experiments^ 
aatU be piesented in a latei communication 
/3 Oxidation of Bulync Acid to Acetoacelic Acid — The data of Table IV 
establish the formation of acetoacetic acid from butyiic acid oi from fatty 
acids which give rise to butyric acid 


Table VIII 

Cilric Acid Fq) mation from Condensation of Oxdlacclic and Accloacclic Acids 
The system contained 1 cc of enzyme at the R 3 K residue stage, 0 05 cc ofii barium 
chloride, and 0 1 cc of 0 02 m magnesium sulfate Final volume, 3 0 cc Experiment 
carried out in air at 38° for 1 hour Citric acid was estimated by the method of 
Pucher et al ( 22 ) as modified by Hunter and Leloir (23) Every estimation of 
an experimental solution was earned out with a parallel estimation of the boiled 
enzyme control for that particulai solution The above results are already corrected 
for the “citric acid” found in the control solutions with boiled enzyme The control 
values neier exceeded 1 micromole of citric acid 


The results are expiessed in micromoles 


System with i 

1 

! 

Expenment I 

1 70 

micromoles 
oxalacetic, 
30 micro 
moles 
acetoacetic 

Expenmeot 

2 00 
micromoles 
oxalacetic, 
30 micro 
moles 
acetoacetic 

Expenmeat 

3 40 

micromoles 
oxalacetic, 
25 micro 
moles 

acetoacelic ' 

Expcri 
ment 4 

40 micro 
moles 
oxalacetic, 
25 micro- 
moles 
acetoacetic 

Experi 
meat S 

70 micro 
moles 
oxalacetic, 

1 30 micro 

1 moles 
acetoacetic 

No additions 

0 4 

0 2 

0 2 

0 3 

0 3 

Oxalacetic acid 

1 2 

5 3 

3 8 

3 5 

2 6 

“ and acetoacetic acids 

7 9 

10 3 

11 2 

9 2 

11 6 

Acetoacetic acid 

0 4 



0 4 

0 3 


Condensation of Accloacclic Acid and Oxalacetic Acid to Foim Citnc 
Acid — Table VIII has already summarized the evidence on this pomt 
The interaction of acetoacetic and oxalacetic acids may be considered to be 
the result of two sepaiate reactions (1) cleavage of activated acetoacetic 
into 2 molecules of acetic acid, and (2) condensation of activated acetic 
acid Avith oxalacetic acid Acetoacetic acid does not give rise to acetic 
acid unless activated 

The yield of cituc acid fiom a mixtuie of oxalacetic and acetoacetic acid 
IS usually at least double that fiom oxalacetic acid alone, whereas the yield 
from a mixture of oxalacetic and acetic acid is raiely greater than that from 
oxalacetic acid alone 

Complete Oxidation of Citric Acid in Cyclophoiase System — In our pre- 
\nous communication the complete oxidation of citnc acid or of any of its 

* Knox, W E , and Wemhouse, S , unpublished experiments 
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related forms to carbon dioxide and water has already been estabhsbed for 
the kidney cyclophorase system The conditions which favor the prepara- 
tion of an active cyclophorase system are identical with those which favor 
the preparation of active fatty acid systems Both the cyclophorase sys- 
tem and the fatty acid oxidase system require magnesium ions, adenyhc acid 
(or adenosine tnphosphate), and phosphate ions for maximal activity 
The mam distmction is that the cyclophorase system is complete when pro- 
vided with any member of the citnc acid cycle and the above components 


Table IX 

Ctlrtc Acid Formation from Oxalacetic Acid and ff-Kcto 


Additions 

Micromoles j 
citnc acid j 
formed 

Additions 

^^lC^omoIcs 
at 1 C acid 
formed 

None 

0 2 

None 

0 2 

Oxalacetic 1 

6 3 

Oxalacetic 

4 9 

“ + P ketovalenc 

10 3 

“ + acetoacetic 

11 3 

/3-Ketovalenc 

0 4 

“ + /3 hydroxy- 

butyric 

10 4 

1 

1 

Oxalacetic -f p hydroxybutync 

10 0 

Oxalacetic -f- p ketovalenc 

9 1 

^l-Hydroxybutync 

0 2 

" -f iS-ketohex- 

92 



anoic 


1 


Oxalacetic -1- p-ketoocta- 

! 5 8 

1 


noic 

! 


Each manometer cup contained I 5 cc of kidney enzyme at the 3rd residue stase, 
0 3 cc of 0 01 M adenylic acid, 0 2 cc of magnesium sulfate, 0 3 cc of 0 123 m phos 
phate buffer of pH 7 2, and 0 1 cc of m barium chloride Where indicated, 0 6 cc 
of 0 1 M oxalacetate and 0 6 cc of 0 1 m p keto acid or hydroxy acid were used The 
experiments were earned out m oxygen gas at 3S® 

The fatty acid system does not start to function under the same conditions 
unless the cyclophorase system is also functioning initially 

Aclivahon of Fatly Aads and “ Intermediates ” — ^The discussion of the 
mechamsm of fatty acid oxidation in the liver and kidney systems w ould be 
incomplete xvithout reference to the problem and nature of the so called 
sparking or activation phenomenon Another commumcation wall be re- 
served for the systematic consideration of oxidatixe phosphorydation and 
the sparking phenomenon For present purposes it will be sufficient to 
state that fatty acids and their products of oxidation are not oxidized as 
such but only after combination with what appear to be pyTophosphate- 
contammg coenzymes as yet unspecified 

EXPERIMENTAL 

Enzyme suspensions were prepared from rabbit kidneys as prexuouslj 
described, with the addition of alkah during homogenization with 0 9 per 
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cent potassium chloride (1) Unless otherwse specified, a suspension in 
dilute salt solution of the 3id residue, designated R3K (the lesidue fiom cen- 
trifugation of the homogenate twice resuspended and washed with potas- 
sium chloiide), was used m all the expeiiments, which weie performed m 
Warbuig manometers at 38° The enzyme (1, 1 5, 01 2 cc per cup) was 
routinely supplemented by the foUmvmg additions 0 3 cc of 0 01 m adeno- 
sme triphosphate, 0 2 cc of 0 02 m magnesium sulfate, and 0 5 cc of 0 04 M 
phosphate buffer of pH 7 3, and m most instances by the further addition of 
0 3 cc of a 1 pel cent aqueous extract of acetone powder of pig heait, acidi- 
fied to about pH 6 ivith HCl (foi pieparation, see lUiox et al (11)) A gas 
phase of 100 per cent O2 was used, as this was found to mcrease oxidative 
rates maikedly above those observed in air Controls ivithout added sub- 
strate were mcluded m all expeiiments AU the substrates were added m 
solution as neutial sodium salts 

Butync, valeric, isovaleric, capric, lauric, myxistic, phenylpropiomc, and 
cmnarmc acids were obtamed from the Eastman Kodak Company Pure 
samples of n-caproic, w-caprylic, stearic, oleic, and azelaic acids were gen- 
eiously provided by Dr David Rittenbeig The Armoui Laboratories 
kmdiy provided n-heptyhc, n-undecyhc, and n-tiidecyhc acids tians- 
^«.i3.jiexenoic and styiylacryhc acids weie the gifts of the Caibide and 
Carbon Chemicals Corporation The Fai chan Laboratories prepai ed foi us 
highly purified and authentic samples of phenyloctanoic, phenylcapric, 
phenyllauiic, aci3dic, 3,4-epoxybutyric, czs-A“ '^-hexenoic, isociotomc, A^’- 
pentenoic, A^-^-pentenoic, dimethylaciyhc, and 4-methylpentenoic acids, 
also the ethyl esters of ^-hydrox3ri'-aleiic, i8-hydioxyhexanoic, /5-hydiox3'-iso- 
capioic, /3-hydiox3'-octanoic, /3-hydioxylauric, ^-ketoisocapioic, and jS-keto- 
octanoic acids Di HeibeitE Carter geneiously provided us ivith samples 
of various allyl- and phenyl-substituted fatty acids, with the “mtei- 
mediate” foi the piepaiation of phen3dvaleiic acid, and with a puie sample 
of d^-thieo-2,3-dihydroxybutyiic acid 

Acetoacetic acid was prepared by hydiolysis of the ethyl ester with the 
theoretical quantity of alkah, followed by the lemoval of ethyl alcohol by 
vacuum distillation The same procedure was apphed to the prepai ation 
of the other ^-keto and jS-hydio"^ acids from their lespective ethyl esters 
di-/3-H3''dio\ybut3Tic and dZ-jS-hydioxycapioic acids were prepared from the 
coirespondmg keto acids by reduction with sodium amalgam m allcahne 
solution y-Hydioxybutyiic acid (y-butyiolactone), succimc semialde- 
hyde, and vmylacetic acids weie prepared by the methods of Sucai (26), 
Dakm (27), and Falaise and Frognier (28) respectively Vmylacetic acid 
Mas purified according to Rietz (29) /3-Benzoylpropiomc and 7-phenyl- 
but3’’ric acids were s3Tithesized by the methods given in “Organic syntheses” 
(30) ^-Ketovaleric and ^-ketocaproie ethyl esters were piepared accoid- 
mg to the method of Fischer el al (31) 
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All the keto acids tested were estimated manometncally as carbon dioxide 
by the anihne-citrate manometnc method (20) Succimc semialdehyde 
was estimated by the bisulfite method of Chft and Cook (32) 

SUMMARY 

The complete oxidation of fatty acids and their derivatives to carbon 
dioxide and water has been studied m kidney and hver cyclophorase prep- 
arations 

The expenses of this mvestigation were defrayed by grants from the 
Amencan Cancer Society, the Rockefeller Foundation, and the Wilhams- 
Waterman Fund of the Research Corporation 
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STUDIES ON THE CYCLOPHORASB SYSTEM 

III OBLIGATORY SPARKING OF FATTY ACID OXIDATION 
Bt W EUGENE KNOX,* B N NOYCE, ajjd V H AUERBACH 

{From the Enzyme Laboratory, Department of Medicine, College of Physicians and 
Surgeons, Columbia University, New York) 

(Received for publication, April 28, 1948) 

The fatty acid oxidizing system, prepared from washed rabbit kidney as 
descnbed m the previous paper (1), often did not oxidize fatty acids unless 
supplemented by a small amount of one of the cyclophorase substrates A 
similar effect could be obtained by adding an extract of boiled heart muscle 
This addition was regularly found to be necessary for fatty acid oxidation 
by an enzyme at the 3i'd residue (Rs) stage which had been prepared with 
precautions to insure thorough washing at each centrifugation The 
effects of fumarate or of heart extract addition on such an enzyme are com- 
parable (Fig 1) Virtually no oxidation of butyrate occurs m the absence 
of any addition, ivhereas a maximal rate of butyrate oxidation is achieved 
by the addition of an amount of either substrate or heart extract which in 
the absence of butyrate is responsible for an insignificant oxygen uptake 
Suboptimal additions of either produce proportionally lower rates of but}'- 
rate oxidation Other substrates directly oxidizable by the cyclophorase 
system, when tested in comparable concentrations, were found to produce 
the same effect as fumarate and heart extract 

All the known coenzymes were assayed in this sj^m for activity in 
mitiating oxidation of butyrate * The shght activity, found m sev eral of 
the preparations which wnre not available in pure form, disappeared upon 
further purification Only glutathione was active, producing an effect 
equal to that of fumarate or glutamate on a molar basis (Table I) The 
glutamic acid moiety of glutathione is oxidized by the cyclophorase system 
Analysis of a sample of heart exirract" showed 0 05 micromole of glutathione 

* The expenses of this investigation were defraj'ed by grants from the American 
Cancer Society, the Rockefeller Foundation, and the Williams-Waterman Fund of 
the Research Corporation 

Present address, Northwestern Umxcrsitj , the Rheumatic Fever Research Insti- 
tute, Chicago, Illinois 

1 The following compounds were tested coenzyme I, coenzjTne II, flavan adenine 
dinuclcotidc, riboflavin monophosphate, cjtochromc c, adenosine tnphosphate 
(ATP), adenosine S-phosphate, thiamine pjTophosphate, pjridoxal phosphate, gluta- 
thione, coenzyme of acetjiation (from Dr David Nachmansohn), vitamin B, conju- 
gate, and pteroylglutamic acid 

* The heart extract was prepared as follows 1 Lilo of fresh pig heart was tnmmcd, 
minced in the cold, and extracted after 10 minutes with 2 v olumcs of water at Sa-lOO" 
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per mg of dry weight of extract, determined lodometrically (2), and 0 16 
micromole per mg of succinate plus glutamate, determined enzymically 



Fig 1 Sparking of butyrate oxidation by fumarate and by heart extract Each 
cup contained 1 cc of kidney enzyme at the 3rd residue stage (Rj) SJ hours old, 0 3 cc 
of 0 01 M ATP, 0 2 cc of 0 02 m MgS 04 , 0 5 cc of 0 04 m phosphate buffer, pH 7 25, 
total volume 3 0 cc , O 2 in the gas phase, NaOH in the center well , equilibrated at 38° 
for 7 minutes before closing the taps Fumarate (o) or heart extract (O) m the 
amounts shou n, and 0 3 cc of 0 1 ai butyrate u here indicated, u ere added to the cups 
beforehand The oxygen uptake was recorded during the first 10 minutes after 
equilibration 

after chloramine-T oxidation (3) Tins heart extract, which thus contained 
at least 0 21 micromole per mg of oxidizable substrates, had the same effect 

The aqueous extract after chilling was precipitated u ith 4 volumes of acetone and the 
precipitate dried uith acetone and ether 
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per mg on butyrate oxidation as 0 25 micromole of substrate Most, if 
not all, of the effect of the heart extract can therefore be attributed to the 

Table I 

Sparling of Butyrate Oxidation by Fumarate, Glutamate, and Glutathione 


Same conditions as m the legend of Fig 1 One enzyme preparation was used in 
the comparison of fumarate with glutamate and another preparation for the com- 
parison of fumarate with glutathione 


Addition 

Amount 

0* per 
5 mm 

Addition 

Amount 

Ot per 
10 min 



emm 


micro 

mole 

c mm 

i 


8 ! 



12 

Fumarate 

0 4 

29 

Fumarate 

0 2 

30 

Glutamate 

0 4 

18 

Glutathione 

0 2 

19 

Fumarate 

0 8 

93 

Fumarate 

0 4 

84 

Glutamate 

0 8 

90 

Glutathione 

0 4 

82 

Fumarate without butyrate 

0 8 

7 

Fumarate 

0 8 

107 

Glutamate without butyrate 

0 8 

8 

Glutathione 

0 8 

126 




Fumarate wnthout buty- 

0 8 

10 




rate 

Glutathione without bu- 

0 8 

10 




tyrate 




Table II 

Comparison of Amount of Fumarate Necessary to Initiate Oxidation of Some Fatty Acids 


The oxygen uptake, without the subtraction of the blanks, is gnen for the fatty 
acids alone and with added fumarate, and was determined under the conditions given 
in the legend of Fig 1 


Fatty aad added 

Cjnm Oj per IS mm 

Fatty acid 
atone 

“f 0 J micro 
mole fumarate 

4* 3 0 micro- 
mole fumarate 

Butyrate, 30 micromoles 

25 

218 

347 

Octanoate, 5 “ 

12 

158 


“ 20 “ 

13 

24 

174 

Acetate, 30 micromoles 

20 

28 

151 

Acctoacetatc, 30 micromoles 

17 

28 

83 

No fatty acid 

15 

IS 

60 


presence of traces of these three substrates directly oxidizable bj the cj clo- 
phorase sj'stera 

Amount of Cyclophorasc Substrate Required to Initiate Oxidation of Dif- 
ferent Fatty Aads — In the mitial phase of these micstigations, two types 
of oxidative reactions imolving fatty acids were distinguished, depending 
upon W'hether or not additional cyclophorasc substrate w as required How - 
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ever, even m the case m which no substrate had to be added, the test system 
contained heait extract, which seived as a mmunal source of substrate 
The difference origuially observed between vaiioua fatty acids is one of 
degree All require some substrate to initiate then oxidation, but some 
fatty acids requiie more than otheis (Table II) These necessary amounts 
of substiate may be added diiectl}'- or m the foim of heart extiact, oi may 
alieady be piesent m the tiace amounts lequiied foi ceitam leactions m less 
well washed enz^mie pi epai ations By conti oiling these factoi s, it has been 
possible to show that oxidation of all the fatty acids and fatty acid deiiva- 
tives which we have studied must be spaiked bj' the simultaneous oxidation 
of a small amount of a C3''clophorase substiate Theie is no evidence that 
an unspaiked oxidation of fatty acids can occui The amount requiied is 
characteiistic of the conditions used and of the fatty acid oxidized, and 
bears no i elation to the total amount of fatty acid that can be oxidized once 
the leaction begins 

In consequence of this obligatoiy nature of the sparking leaction, the 
fact that butyl ate and octanoate can fiequentty be oxudized to completion 
undei conditions in which added acetoacetate is not oxidizablq is no bai to 
accepting acetoacetate as an inteimediate All thiee compounds require 
sparking, though in diffeient amounts, and all thiee compounds, when 
changed by the spaiking leaction, may shaie a common pathwaj' 

Natuie of Sparking Reaction 

All attempts to initiate the oxidation of fatty acids in some way not in- 
volving simultaneous oxidation of a c^mlophoiase substiate have been 
unsuccessful Theie is no endence, foi example, that an initial anaeiobic 
condensation occui s between the fatty acid and pyiuvate oi oxalacetate 
Although added NaHCOj vull often mciease the blanlc oxygen uptake of 
enzjmie at the 3id lesidue stage (Rj) and imtiate fatty acid oxidation, this 
IS due to the presence m the enzyme of a small amount of pyiuvate, which 
VI th the added CO2 can be oxidized through its conveision to oxalacetate 
(4) Fiuthei washmg to lemove these tiaces of pyiuvate pi events this 
artifact of “sparlung mth CO2” (Table III) As would be expected, such 
a pyiuvate-fiee enzyme then leqiuies a laigei amount of substiate to initi- 
ate fatty acid oxidation Fmallj’’, none of the manj'' fatty acid derivatives 
tested can be oxidized diiectly vithout spailung These cannot theiefore 
be identical with the intermediates produced by the spaiking leaction 

In the previous communication (1) the use of feiricyanide as an oxidizing 
agent for fatty acid oxidation was described It was of consideiable inter- 
est to deteimme whether the spaiking phenomenon would apply when 
ferricj^anide replaced oxygen as oxidizing agent The data of Table IV 
estabhsh that the sparkmg phenomenon is conceined mth the primaiy 
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dehydrogenation of the cyclophorase substrate, and not ■with the subse- 
quent hydrogen transport through the systems reactmg with oxygen 
The uutiation of fatty acid oxidation is obligatonly associated wth the 
simultaneous oxidation of a small amount of a cyclophorase substrate The 
oxidations of the several substrates which can spark fatty acid oxidation all 
produce esterification of phosphate Of particular mterest is the effect of 

Tabi^ III 

Effect of Added COt on Butyrate Oxidation by Kidney Enzyme Preparations at Srd and 

Sth Residue Stages 


0 2 cc of 0 1 M NaHCOj was added as indicated The conditions are otherwise as 
in the legend for Fig 1 The values are c mm of Oi per 15 minutes 


Enryrae 

COj only 

But> rate 
only 

1 

CO, + 
butyrate 

0 6 

micromole 

fumaratc 

only 

Butyrate 
+ 06 
micromole 
fumaratc 

Butyrate 
+ 30 
micromoles 
fumaratc 

R,K 


19 

165 

12 

114 


RsK 


17 

23 

13 

12 

194 


Table W 

Sparling of Fatty Acid Oxidation in System containing Ferncyanide 
As Oxidizing Agent 

Each cup contained 1 5 eo of kidney enzyme at the 3rd residue stage, 0 2 cc of 
0 02 M magnesium sulfate, 0 3 cc of 0 01 M adenesine triphosphate, 0 1 cc of 0 5 u 
sodium bicarbonate, and 0 2 cc of 0 5 si sodium ferncyanide Total volume, 3 0 cc 
Gas space filled with 95 per cent nitrogen 5 per cent carbon dioxide 


Additions 

C mm CO* 

1st 10 nun 

C mm COi 
2aJ 10 mm 

None 

6 

4 

a Kotoglutarate (2 micromolea) 

59 

45 

Butyrate (10 micromoles) 

40 

21 

“ (10 “ ) -1- a ketoglutarate (2 micromoles) 

272 

241 

cis-Hexenoate (10 micromoles) 

44 

24 

“ (10 " ) -b a ketoglutarate (2 micromoles) 

226 

218 


dmitrophenol and gramicidin on these oxidations Dr J V Taggart and 
his colleagues have shomi that these two reagents prcxent estenfication 
of inorganic phosphate mthout mlnbiting the oxidation of the cj clophorase 
substrates Tliej' also completel 3 ’‘ prevent fattj'' acid oxidation eten when 
a substrate of the cyclophorase system is undergoing rapid oxidation 
Hon ever, the energetic coupling of the initial fattj acid reaction mth the 
oxidation of the cj'clophorase substrates suggested bj these obsen’-ations 
cannot be attnbuted sunply to the generation of ATP (5) ATP, in an 
amount greater than can be destroyed dunng the experiment, does not 
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replace an oxidizable substiate as the sparker Similaily, the acyl phos- 
phates of the fatty acids, which have been suggested as the active form for 
ovidation (5, 6), cannot be oxidized in this system without sparlang Dur- 
ing the spaiked oxidation of a fatty acid, no acyl phosphate accumulates 
that can be deteirmned by Lipmann and Tuttle’s hydroxylamine reaction 
( 7 ) 

The imtial reaction of a fatty acid has therefore not yet been dissociated 
fiom the simultaneous oxidation of a directly oxidizable substrate An- 
other function of this added substiate, in addition to sparking, must also 
be that of condensing mth activated acetate and acetoacetate formed dur- 
ing fatty acid oxidation By this condensation fatty acids may be oxidized 
to completion thiough the citric acid cycle, as aviII be shonm by isotopic 
expel iments to be published later A reaction analogous to this, the con- 
densation of acetoacetate wth oxalacetate to form citric acid, has already 
been demonstiated in this system (1) 

SUMMARY 

Oxidation of fatty acids and their derivatives by the enzymes fiom rabbit 
kidney can occur only if a small amount of cyclophoiase substrate is first 
oxidized to initiate the leaction This spailang effect by compounds of the 
citiic acid cycle consists of a piimaiy activation of the fatty acid which is 
not duplicated by ATP or acyl phosphates, and of a later condensation 
between a C3'’clophoiase substrate and the “acetate” leading to complete 
oxidation through the cycle 
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STUDIES ON THE CYCLOPHOEASE SYSTEM 
IV DIRECT DEMONSTRATION OF (3 OXIDATION 
By WILLIAM A ATCHLEY* 

{From ihe Enzyme Laboralory, Department of Medicine, College of Physicians and 
Surgeons, Columbia University, New York) 

(Received for publication, April 28, 1948) 

In a previous communication of this senes (1), manometnc evidence was 
presented which showed that normal fatty acids mth an odd number of 
carbon atoms and fatty acids of the zso senes ivith an even number of carbon 
atoms were not completely oxidized to carbon dioxide and water The 
quantitative data were consistent ivith the formation of propionic acid in 
the former case and of isobutync acid in the latter case as non-oxidizable 
residues This mterpretation became even more plausible in view of the 
observation that both propiomc acid and isobutync acid appeared not to 
be oxidized by the kidney enzyme system The possibility of identifying 
these hypothetical residues arismg from the oxidation of their parent fatty 
acids provided the opportumty for a direct demonstration of /3 oxidation 
According to Khoop’s classical theory (2) fatty acids are degraded by suc- 
cessive scissions of a 2-carbon unit from the main cham Accordingly, 
valeric acid should give rise to propiomc acid and isocaproic acid should give 
rise to isobutync acid If, m addition, it could be shown that butyric acid 
IS not an intermediate m the oxidation of valenc acid nor isovaleric acid 
in the oxidation of isocaproic acid, the endence for /3 oxidation would be 
complete This commumcation deals wnth the demonstration of these 
pomts plus the demonstration of propiomc acid as an unexpected oxidation 
product of isobutync acid 

The resolution and characterization of the fatty acids studied were 
effected by the method of counter-current distribution as developed by 
Craig and his coworkers (3-fl) The underljnng principle of this technique 
IS that compounds with different coefficients of distribution between two 
immiscible solvents ivill each exhibit a charactenstic beha\nor when sub- 
jected to what is in essence a graded senes of extractions in a system of 
separatory funnels Not only does this behavior lend itself to the separa- 
tion of the components of a mixture, but it also permits calculation of the 
coefficient of distnbution for each component Identification mav then 
be made by comparison of these demed coefficients with those of knowm 

* This investigation was supported bj grants to D E Green from the Rockefeller 
Foundation, the Wilhams-Waterman Fund of the Research Corporation, and the 
American Cancer Society 
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compounds, and, conversely, knowing the distribution coefficient of a pure 
substance, one can accurately predict its behavioi in the Craig apparatus 
for comparison with the observed behavior of an unlmown substance 

Results 

Oxidation of Valenc -4cid— The oxidation of valeiic acid mth the ludney 
enzyme system was earned out on a large scale with a-ketoglutanc acid as 
a cooxidant (c/ “Experimental” foi details) Aftei the leaction was over, 
as judged fiom a small pilot ran, the enzyme suspension w'as depi otemized 
and the volatile fatty acids separated by distillation from acid solution 
The spectium for the counter-current distribution of the fatty acids is shown 
in Fig 1. 

The presence of piopiomc acid is indicated by the cuive with its peak in 
Tube 8, foi one can see that its observed values lesemble closely those cal- 
culated foi a puie substance noth a distribution coefficient of 0 53, w'hich 
figuie a pievious distribution of puie piopionic acid had showm to be the 
distiibution coefficient for this substance in this paiticulai solvent system 

The remaindei of the valeiic acid added oiiginally is lepresented by the 
cuive wnth its peak in Tube 22 The obseived values w^eie found to fit 
best a theoietical cuive calculated foi a substance with a K of 113, while 
the K of a Icnowm puie sample of valenc acid had previously been shown to 
be 9 7 in this system * 

A blank run identical wnth that of the expeiimental ran, save that it was 
piecipitated immediately aftei the addition of the enzjmie, show'ed the 
presence of large amounts of valeric acid but no piopiomc acid 

The piopiomc acid wFich has been shown to accumulate fiom the oxida- 
tion of valenc acid must have resulted from the splitting off fiom the paient 
compound of a 2-carbon umt, for lepeated studies on the oxidation of 
butyl ic acid by this enzyme system wuth manometnc techniques have shown 
that this compound is oxidized to completion (1) and thus could not serve 
as an intei mediate m the oxidation of a substance wdiich gives use to a non- 
oxidizable residue 

Accumulation of Acetic Acid — A bnef digiession is necessaiy heie to ex- 
plain the peak which is seen at the far left of Fig 1 This peak wus found 
to be piesent also in all subsequent experiments and usually conesponded to 

‘ At cither end of the distribution spectrum it must be noted that the distribution 
coefTicient represents the quotient of a relatively large number divided by a relatively 
small number, or vice versa, and experimental errors are magnified accordingly In 
the studies described here, reproducibility of values for K \i as poor at the ends of the 
spectrum It mil be seen, however, that those substances which require the most 
precise identification all lie sufficiently near the center of the spectrum for consist- 
ently accurate results 
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one which would be given by a substance having a distnbution coefficient 
of about 0 060 to 0 10 Since acetic acid could be shown to have a K of 
about 0 065 in this solvent pair,^ this was taken as presumptive evidence 
that the peak did represent acetic acid In a later run m which the peak 



Fio 1 Oxidation of valeric acid Solvent sjstem, isopropjl ether and 22 m 
phosphate buffer of pH 5 19 The titration values are for 2 cc aliquot of the initial 
extraction 400 micromoles of valerate were present at the start of the reaction, 
214 xiere present finallj Propionic peak represents about 99 micromoles O, ob 
served values, e , calculated values for K of 0 53 and 11 3, as indicated 

appealed quite free of any contamination by propionic acid, the contents 
of Tubes 0 to 4 vere pooled and the fatt3' acid separated bj distillation 
In 0 1 M solution the sodium salt of the fatty acid reacted positu ely m the 
lanthanum nitrate test, thus j lelding further exndence that the compound 
responsible for the peak actually x\as acetic acid The presence of this 
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fatty acid was shovTi by countei -current techniques not to be due to im- 
purities already piesent in the leagents used m these evpeiiments It 



Fig 2 0\idation of isocaproic ncid Solvent system, isopropyl ether and 2 2 Ji 
phosphate buffer of pH 5 77 The titration values are for 2 cc aliquot of the initial 
extraction 300 micromoles of isocaproic acid vere piesent originally, 67 recovered 
at the finish The isohutync peak represents about IS micromoles O, observed 
xalucs, O, calculated values for K of 0S9, as indicated 


seemed lather to be the resultant of the action of the enzyme on a substiate 
vhich either had been added to the reaction mixture or was originally 
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present m the enzyme suspension itself In the studies presented here, no 
attempt has been made to mclude acetic acid m any type of balance study 
Oxidahon of Isocaprotc Acid — ^When isocaproic acid was oxidized by the 
kidney enzyme system and the fatty acids present m the reaction nuxture 
at the end of the experiment were analyzed, the results shoivn m Fig 2 
were obtamed The curve with its peak m Tube 11 can be identified as 
that of isobutjTic acid, for it can be seen that its values fit closely the the- 
oretical values calculated for a pure substance ivith a distribution coeffi- 
cient of 0 89, which previous tests outside the machme had shown to be the 
K value for pure isobutync acid 

The distribution coefficient of the substance responsible for the curve at 
the extreme nght of the figure can be shown to be about 14 This curve 
must represent the remainder of the isocaproic acid ongmally added, the 
K for this compound havmg been shown to be 16 m this solvent pair 
The blank for this experiment showed no evidence of the presence of iso- 
butync acid It was prepared identically with the experimental run, save 
that the fatty acid substrate was not added until after the mcubation period 
and just pnor to deprotemization 

This accumulation of isobutync acid as the result of the oxidation of iso- 
caproic acid must have come about by the sphttmg off of a 2-carbon frag- 
ment from the parent fatty acid, smce isovalenc acid did not give nse to 
isobut3mc acid under the same experimental conditions 

Oxidation of Isobutync Acid to Propionic Acid — ^An exammation of Fig 
2, with the analysis of the fatty acids ansmg from the oxidation of isocaproic 
acid, shows a curve at the far left which appears to be made up of two sepa- 
rate curves For this reason. Tubes 0 to 16 were pooled and the fatty acids 
contained therem were isolated and redistnbuted between isopropyl ether 
and phosphate buffer of pH 5 17 instead of 5 77 (F ig 3) This adjustment 
of the pH serves to move the peak representmg isobutjwic acid to the right to 
Tubes 17 and 18 The values of this new curve fit closely the theoretical 
curve calculated for a Zf of 2 6, while that for isobutync acid m the same 
solvent pair has been shown to be 2 5 
The original composite curve has been separated by this maneui er mto 
tw'o curves Tlie one at the left mdicates the presence of acetic acid as 
usual, while that wath its peak in Tube 8 represents an unsuspected sub- 
stance whose observed ^alues he closest to the theoretical lalues calculated 
for a substance wath a JZ of 0 51 This was taken as presumptne eiadence 
that the unsuspected substance was propiomc acid, which was showai to 
have a ZC of 0 50 in this sj^stem 

It was next showai that isobutjaac acid on enzjanatic oxidation ga\e nse 
to this same substance The distnbution cune for one of these experi- 
ments IS showai m Fig 4 Here, although a full set of twentj -four transfers 
has been made, only Tubes 2 to 13 w ere titrated The obsen ed x alues can 
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be seen to he very close to the theoretical curve calculated for a i? of 0 52 
After distubution the contents of Tubes 5 to 12 were pooled and the fatty 
acid separated, and, when a 0 05 m solution was tested in the lanthanum 
nitrate-iodine reaction, the lesult vas stiongly positive, thus establishing 
even more firmly that this compound was piopionic acid Other possible 
oxidation products of isobutync acid weie examined to determine whether 
they were similai to the substance uncovered by countei -current distribu- 
tion These were methylmalonic acid, j3-hydioxyisobutyric acid, a-methyl- 
aciyhc acid, and a-hydrox 3 risobutyuc acid The first iwo of these could 



Fig 3 Redistribution of the acid in Tubes 0 to 16 of Pig 2 Solvent system, 
isopropyl ether and 2 2 m phosphate buffer of pH 5 17 The titration values are for 
3cc aliquot of the initial e\traction O, observed, O, calculated for A' of 0 51 and 
2 6, as indicated 

be ruled out because they were not volatile under the conditrons of the dis- 
tillation for the experimental run, while the last two could be ruled out on 
the basis of their distribution coefficients, which weie 1 9 and 0 01 respec- 
tively in the solvent pair, the aqueous portion of which was phosphate 
buffer of pH 5 17 

Meclmmsm of Isobutync Acid Oxidation — Assuming that the oxidation of 
isobutync acid to propiomc acid involves prehmmaiy /3 oxidation, the 
accompanying sequence of reactions may be postulated The liver fatty 
acid oxidizing system has proved invaluable for demonstrating this mech- 
anism by virtue of its abihty to oxidize propiomc acid to completion Thus 
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CH,n 


,jv IQ CHsOHv. 

>CHCOOH yCECOOB 

ch/ ch,/ 


CH<v in CHO 

>CCOOH 
CH/ 


>ch;cooh 

CH, / 


CHOn. 

>CHCOOH 

CH,-^ 


CO, + CH,CH,CHO 


§ 0 , 


-» CH,CH,COOH 



No of tube 

Fio 4 Oxidation of isobutyric acid A twenty four transfer distribution of vola- 
tile acids from the final reaction mixture was performed, but only Tubes 2 to 13 were 
titrated The solvent sy stem n as the same as in Fig 3 The titration x alues are for 
3 cc aliquot of the initial extraction 400 micromoles of isobuty rate Here added, and 
77 micromoles of propionate recovered O, observed, ® , calculated for K of 0 52 

any substance which is an intermediate between isobutjTic acid and propi- 
onic acid should be oxidized to completion in the liter system Both 
^-hydroxyisobiityric acid and metbylacryhc acid adequately satisfy that 
requirement The unresolved point is whether methydraalonic semialde- 
hy^dc decomposes to propionaldehyde and carbon dioxide or undergoes 
further oxidation to methylmalonic acid with subsequent formation of 
propionic acid by decarbovydation Under the conditions of the experi- 
ment, methydraalonic acid appeared completely inactive Tlius the path- 
way' through propionaldehyde is indicated On structural grounds there 
13 reason to anticipate that methylcmdomc semialdehyde would decompose 
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rapidly to propionaldehyde Consistent with this prediction is the fact 
that piopionaldehyde can uhdeigo extensive oxidation in the liver fatty 
acid oxidizing system, while only partial oxidation takes place in the kidney 
system 


EXPERIMENTAL 

Enzyme System— In all cases the enzyme used was the triply washed 
lesidue of the labbit kidney homogenate prepared as pieviously described 
(6) In its final form this consisted of a thick suspension in 0 9 per cent 
potassium chloiide 

The experimental luns were set up on a scale 20 to 40 times that of the 
amounts used in a single Waibuig cup A pilot mn was always set up to 
deteimine the activity of the particular enzjune preparation used and to 
provide infoimation on the course of the leaction 1 5 cc of the enzyme 
suspension, were used in each Waibuig cup and this was supplemented by 
0 3 cc of 0 125 M phosphate buffer of pH 7 3, 0 3 cc of 0 01 m adenosine 
tiiphosphate oi adenosine monophosphate, and 0 2 cc of 0 02 m magnesium 
sulfate Alkali-soaked filtei papex was placed m the centei well In the 
studies of the oxidation of valeiic and isocaproic acids, 10 micromoles of 
fatty acid substrate were added to each Waibuig cup, while 5 micromoles 
of a-ketoglutaiic acid were added as a cooxidant In the study of iso- 
butyiic acid oxidation, 10 micromoles of the cooxidant were added to an 
equivalent amount of the fatty acid All substiates weie added m the form 
of then neutial sodium salts The laige scale experiments were carried out 
in macio manometer cups with oxygen as the gas phase and at 38° 

Preparation of Samples for Dislnbulion — ^After appiopiiate incubation 
periods, the reaction mixtures weie removed from the bath and piecipitated 
by the addition of 2 0 cc of 10 n sulfuric acid and 7 5 cc of 0 4 m sodium 
tungstate solution foi eveiy 10 cc of the reaction mixture In the studies 
until valeric and isocaproic acids, the fatty acids uere separated from the 
suspension by steam distillation and the distillate was then subjected to 
another purification distillation after the addition of 2 0 cc of 10 N sulfuiic 
acid, 50 gm of magnesium sulfate, and about 0 2 gm of mercuiic oxide 
In all the other expeiiments the origmal tungstate precipitate was filtered 
off, the residue washed once, and the combined filtrates then subjected to 
the purification distillation As a final step the distillates were neutralized 
until sodium hydi oxide and evaporated to dryness 

Counter-Cnrrent Distnhnhon — The machine was the stainless steel type 
described by Craig (3) In each tube the aqueous phase consisted of S 0 
cc of 2 2 jM phosphate buffer of pH 5 17, 5 19, oi 5 88, while the organic 
phase consisted of 8 0 cc of isopropyl ether The sample to be anal 3 ''zed 
was taken up m 8 0 cc of the buffer and added to Tube 0 After twenty- 
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four transfers, the contents of each tube were acidified by the addition of 
1 0 cc of 8 N phosphonc acid and the amount of acid m the ether phase of 
each estimated by titration of a suitable ahquot with 0 010 n sodium hy- 
droxide m a micro burette 

It IS impossible to drive all the fatty acid in each tube mto the ether layer 
for titration by the addition of phosphoric acid as described Therefore, 
when it ivas desired to know the total amount of acid m any tube, it was 
necessary to extract the buffer layer a second time with 8 0 cc of ether and 
agam titrate a suitable aliquot The total amount of acid C can then be 
calculated from the formula C — A^/A—B where A is the value for the 
first titration figure and B is the value for the second (7) 

At any pomt on the curve plotted from the above titration values, the 
distribution coefficient of the substance responsible for the curve could be 
determmed by the formula 

K= Tr+ l/Tr X (r + l)/(n - r) 

in which K is the distnbution coefficient, r is the number of the tube, T is 
the titration value for that tube, and n is the number of transfers (in these 
experiments, always twenty-four) 

STIMMAKY 

Valenc acid and isocaproic acid are oxidized m the kidney fatty acid 
oxidizing system to propionic acid and isobutyric acid respectively Part 
of the isobutync acid formed is further converted to propiomc acid The 
end-products were identified by counter-current distnbution 
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FURTHER STUDIES ON A FAT-SOLUBLE MATERLIL FROM 
PLASMA HAVING BIOTIN ACTIVITY 
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{PTom the Department of Animal and Plant Pathology, The Rod efeller Institute for 
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(Received for publication, June 18, 1948) 

A fat-soluble matenal from plasma has been foimd to have biotm-hke 
activity for chicks as well as for lactic acid bactena (1) Since oleic acid 
can replace biotin in the nutation of Lactobacillus casei (2, 3) and of a van- 
ety of related bactena (4) as well as in that of a yeast (5), it was of interest 
to determine whether oleic acid might also have a biotin-like activity for 
chicks It is the purpose of this paper to report experiments concerned 
with this problem and to provide additional data on the biotm activity of 
the fat-soluble matenal from plasma, and on its occurrence and partial 
purification 

EXPERISIENTAL 

General Methods — Biotin activity was determined by microbiological 
assay mth Lactobacillus casei with the method of Landy and Dicken (G) 
slightly modified (1) Fat-soluble matenals to be assayed were dissolved 
m warm ethyl alcohol, and distilled water was added to the solution to give 
a uniform emulsion 

The crude fat-soluble biotin-active matenal (FSF) was prepared m 
quantity by the ether extraction of acid-hydrolyzed horse plasma (1) 
20 to 30 ml of a neutral dark brown oil were ordmanly obtamed from 10 
liters of oxalated plasma The activity of such preparations ranged from 
1 5 to 3 7 of biotin activity per ml , and was usually about 2 y 

All the chicks used were Rhode Island reds obtained vhen 1 day old 
They uere kept m electncally heated brooders until 10 to 14 days old, and 
then m wire bottom cages in a warm room The stock diet vas a chick 
starting mash of the follownng composition yellow corn-meal 29, ground 
wheat 29, soy bean meal 17, alfalfa leaf meal 7 5, meat scrap 4 5, cod liver 
oil 0 7, charcoal 0 7, salt 0 7, calcite 2 1, fine gnt 4 4, fine oj ster shell 4 4 
It contained about 13 y of biotin per 100 gm of diet For the production 
of biotin deficiency, this mash was mixed mth egg white, usually in the 
proportion of 20 parts of a commercially dned egg albumin m 100 parts of 
diet A control casein diet contained m place of egg white washed casein 
mrxed with nboflavm to provide 5 mg of nboflavnn per 100 gm of casein 

The chicks were kept on the stock diet until thej were 5 to 7 dajs old 
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They were then placed on the e\penmental diets and the treatments, if 
any, begun Duimg the peiiod of the expeiiment each chick leceived once 
weeldy 3 to 4 diops of hahver oil ivith viosterol The treatments consisted 
usually of the intiamuscular injection of biotin, oleic acid, or FSF The 
injections weie given as 0 2 ml of liquid in the breast muscle two times per 
week The biotin was dissolved at appiopiiate concentrations in 0 85 per 
cent sodium chloiide solution The FSF and oleic acid were injected as the 
warm oils themselves FSF was absoibed much better than oleic acid, but 
•v\nth both mateiials abscesses foimed in the breast muscle surrounding small 
pockets of the oil 

At suitable intervals the expenmental chicks weie weighed and the sever- 
ity of the dermatitis on the feet and at the comeis of the mouth graded by 
a method similar to that of Ott (7), except that the scale used langed from 

0 to 6 Only occasional chicks, howevei, showed a dermatitis more seveie 
than grade 4 In order to make this grading as nearly objective as possible, 
the clucks were taken at landom from the various groups by an assistant 
and presented to the person doing the grading vuth their number tags 
covered The lattei individual then gave his judgment of the seventy of 
the dermatitis to the assistant, who noted it beside the appropriate number 
Thus the person giadmg the chicles could not be aware of tlie nature of the 
results until all the chicks had been giaded This piecaution was desirable, 
since the experiments ^vlth FSF could not be performed in such a way as to 
give any likelihood of complete prevention of biotin deficiency s 3 'mptoms 
The maximal dosage of FSF which could be adimnisteied by injection vas 
fai fiom sufficient, m terms of its miciobiological biotin actmty, to be 
expected to provide complete protection fiom the deficiencj'- For this 
leason most of the experiments included two control gioups injected vath 
biotm, one vuth a dosage similai, on an activity basis, to that of the group 
receiving FSF and one vath a dosage adequate (8) to prevent the deficiency 
entnely Laigei amounts of FSF could be administered bj-- stomach tube, 
but it has not so far been possible to find any activity of the material when 
given by this loute to chicles on an egg white diet 

Results 

Treatment of Chicls on Egg White Diet until FSF and Oleic Acid — The 
effect pie\aously reported (1) of FSF m mitigating the dermatitis produced 
in chicks by a diet high m egg white has been repeatedly confirmed Tables 

1 and II give the results of two experiments of this t 3 q 3 e, the usual commer- 
cial preparation of egg white having been used foi one expeiiment and an 
acetone-piecipitated preparation from fresh egg w4iite (9) for the other 
In Table I it will be noted that neither the group receiving FSF nor the 
groups receiving the low^er dosage of biotin gained w'^eight to any greater 
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extent than the untreated group on the egg white diet Since this was 
also true in all the other experiments, the weights are not included in 
Tables II to V It has been found by others (10) that lower dosages of 
biotin are required to affect the dermatitis than to permit normal u eight 
gam in chicks 

Prelimmary expenments ivith oleic acid revealed no effect on the derma- 
titis of chicks on an egg white diet The results of two expenments com- 


Table I 

Ej^ects of FSF and Btoixn on BioHn Deficiency tn Chtc! s Fed Diet High xn Egg While 
The chicks were started on the special diets and in]eotions when 1 week old 


Diet 

Iniection 

(bre&st 

Wcetly 
dosage mi 
crobioiogical 
assay 

No of 
chicks 

Average weight (gm ) 

Average degree of derma 
tiUs of feet and mouth 

ZQUScle) 

7 

days 

ts 

days 

21 

days 

28 

days 

39 

days 

21 

days 

28 

da>s 

39 

days 

Casein, 20% 

None 

y hiottn 


m 

57 

im 

98 

gm 

156 

203 

281 

0 

0 

0 

Egg white, 

it 



58 

87 

133 

163 

205 

34 

33 

49 

20% 

FSF 

08 


58 

85 

125 

150 

182 

17 

27 

30 


Biotin 

08 


57 

96 

138 

159 

205 


04 

16 



60 


55 

88 

140 

182 

251 


0 

0 


Table II 

Ejjeelof Intramuscular Injection of FSF in Chicks on Did containing 500 Gm of Dried 
Acetone Precipitated Fresh Egg While per SO Pounds of Feed 


Chicks placed on diet when 8 days old, injections begun 3 daj s later 




ANtrage degree of dermatitis of 

Treatment 

No of chicks 

1 feet and mouth 



21 days ! 

28 days 

None 

8 

15 

21 

FSF, 0 8 7 biotin actii ity per wk 

9 

10 

1 5 


panng FSF preparations with U S P oleic acid and with a soy bean oil 
distillate (SBO) contairang oleic acid‘ are shown in Tables III and R'’ 
Although the oleic acid and the SBO had higher biotin activities for Lado- 
bacillits casci than the FSF preparations, neither reduced the extent of the 
dermatitis, while both FSF preparations did so, one of them (from horse 
plasma. Table IV) to almost as great an extent as did a comparable dosage 
of biotin 

A single somewhat punficd preparation of FSF has been tested m chicks 

* The molecular distillate of soj bean oil was \crj kindh supplied bi Dr P L 
Hams of Distillation Products, Inc 
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and found to be active (Table V) Table V also shows that FSF is active 
when injected into the posterior peritoneal cavity as well as when injected 
intramuscularly 


Table III 

Inlramuscnlar Injection of U S P Oleic Acid, FSF from Hitman Plasma Fraction 
IV-1,* and BiotiTi in Chicks Placed on Egg While Diet When 6 Days Old 


Injections begun at 7 days of ago 


Injection 

Weekly dosafie, 
ty microbiologi- 
cal assay 

i 

i No of 
i ducks 

Averape deprec of dermatitis 
of feet and moutli 


20 days 

30 days 

34 da> s 

44 dajs 

None 

y btottn 

0 

7 

1 2 

32 

29 

32 

Oleic acid 

1 2 

8 

1 3 

27 

29 

36 

FSF 

06 

8 

10 

28 

22 

26 

Biotin 

06 

7 

1 1 

1 7 

1 6 

1 1 

tf 

60 

8 

1 

08 ! 

07 

05 

1 

01 


* A large supply of Fraction IV-1 from human plasma Mas obtained through the 
generosity of the American Red Cross 


Table IV 

Comparison of Effects of Intramuscular Injection of Soy Bean Oil Distillate (SBO) 
containing Oleic Acid, of FSF from Horse Plasma, and of Biotin in Chicks 

on Egg While Diet 


Diet and injections begun at 5 days of age 


Injection 

Weekly dosape, 
by miLiobiuIotical 

Average degree of dermatitis of feet and mouth 
(10 ducks) 



21 days 

28 da> s 

34 dajs 

None 

y hwtm 

0 

1 S 

26 

29 

SBO 

1 2 

20 

24 

26 

FSF 

09 

1 5 

1 7 

20 

Biotin 

10 

1 4 

13 

16 

II 

10 0 

04 

01 

02 


Plasma and Tissue Levels of Bzohn and Fal-Solnhle Bzohn-Achve Materials 
—The plasma levels of biotin and FSF in young ducks and chickens and the 
changes which they undergo dunng acute infections wth avian malaiia 
parasites have been previously desenbed (11) The biotin content of the 
plasma of normal young ducks and chickens is about 2 to 4 my per ml , 
while the bound FSF content in terms of its biotin activity is about 10 to 
15 my per ml No bound biotin and relatively httle free FSF have been 
found m the plasma 
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Assays of the plasma of adult birds have shown that, while in males both 
the biotm and FSF remain much the same as m joung birds, m females 

Table V 

Effects of Injection of FSF from Horse Plasma (Fraction A), of Fraction F Obtained 
from It by Adsorption on Aluminum Oxide and Elution icilh Ammoniacal 
Alcohol, and of Biotin tn Chicks on Egg White Diet 


Diet and injections begun at 5 days of age 


Injection 

' Weekly 
i by microbiological 

Ko o{ chicks 

Average degree of dermatitis of 
feet and mouth 


1 assay 

j 


19 days | 

26 days 

None 

y btoftn 

0 

5 

n 

28 

Fraction F* 

30 



21 

“ A* 

1 2 



22 

*■ At 

12 


1 4 

18 

Biotin* 

10 


09 

15 

CC ♦ 

10 0 

HH 

06 

04 


* Injected to breast muscle 
t Injected to postenor peritoneal cavity 


Tabie VI 

Biotin and FSF Content of Plasma of Adult Ducks (5 to 6 Months Old) As Determined 

tn Two Different 11 ays 


Duck 1 

1 

Biotm activity my per ml plasms 

No 

1 

j Sex 

Free bwUn 



Bound FSF 

(0) 1 

<6) 

M 

W) 

M 

in 

1 


233 

29 2 

0 


34 0 

2S.1 

2 


26 0 

29 3 

-1 3 


38 8 

35 5 

3 


30 0 

30 0 

-25 


31 5 

31 5 

4 


32 0 

33 0 

-1 8 

15 1 

27 8 

26 8 

5 


47 

G3 ! 

1 

-1 7 

1 ^ 

17 7 

161 


(a) The activity of plasma diluted in water and shaken v.ith ether (6) The ac- 
tivity of plasma hjdrolyzcd in sulfuric acid minus the activitj of the same prepara 
tion tested in the presence of 1 500 egg white (c) The actiiity of plasma ha drol j zed 
in sulfuric acid and shaken Bith ether minus the free biotin (o) (d) The actiiiU 

of plasma diluted in water minus the free bioUn (a) (c) The actu it> of pla»ma 

hjdroljzcd in sulfuric acid minus the actuitj of plasma diluted in uater (f) The 
actiMty of plasma hjdroljzed in sulfunc acid and tested in the presence of 1 500 
egg white, minus the free FSF 

which are hjung eggs both talues are increased Table VI gives n small 
represcutatu e sample of the data which hate been obtained and at the 
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same time shows the good agreement between the values as determined by 
removal of FSF with ether and by inactivation of the biotin ivith egg white 
Egg-laying hens showed a high biotin and FSF content of the plasma en- 
tirely similar to that of the egg-laying ducks The increase in biotin may 
well be lelated to the high biotm content of the yolk of the egg, which 
in turn IS essential for hatchability (12) In a similar way, avidm secretion 
by the oviduct accompanies egg-laying activity in hens (13) An increase 
in the total plasma lipides of egg-la 3 ung chickens has been demonstrated 
(14) Evidently the lipide oi lipides wth biotin activity shaie in this in- 
crease It IS noteworthy that the free FSF activity lemains relatively low 
in the plasma of the egg-laying birds, most of the increase occuinng in the 
FSF which IS bound, piesumably as a lipoprotein 

Much of this bound FSF can be piecipitated by dilution of the plasma 
of egg-laying hens or ducks ivith distilled water m a ratio of 1 20 The 
protein so piecipitated and collected bj'' centiifugation redissolves readily 
m phosphate buffer of pH 7 4 to give a highly opalescent yellow solution 
The bound FSF activity of such solutions, expressed as millimicrograms 
of biotin per mg of piotein, was 1^ to 3 times as high as that of the onginal 
plasma 

Some determinations have been made of the distribution of biotin and 
fat-soluble biotin-active materials m tissues other than blood The results 
for 5 to 6 month-old chickens are presented m Table VII Since in the 
growth of Lacldhacillus casei biotin can be replaced by oleic acid and a vari- 
ety of related compounds, the miciobiological assay of biotm activity due 
to fat-soluble materials fiom tissue would determine the sum of the concen- 
tration m the tissue of a number of substances That oleic acid in depot 
fats did not enter appreciably into the measurements is indicated by the 
very low FSF activity of the abdominal fat, a tissue which contains about 
40 per cent by weight of oleic acid combmed as glyceiides (15) Vffiatever 
the actual substances from tissues may be which have here been measured 
as FSF, it IS remarkable that, except for the liver and ladney winch have 
exceptionally high biotin contents, there is a general paiallelism between 
the biotm content and the relative concentration of the fat-soluble biotin- 
active materials A similar situation exists in egg yolk For example, the 
yolk of one egg had a total biotm activity of 750 my per ml , of which 360 
my remained after shalcmg ivith ether The figures for biotm pioper which 
are here presented are for the most part somewhat lower than those pre- 
viously reported, though of the same order of magnitude Thus Ealan 
cl al (16) found for the organs of a 10 week-old chicken 2600 my per gm m 
the liver and 2500 my in the ladney, but only 65 my m the brain Values 
for egg yolk have been found ranging from 400 to 600 my per ml (17) with 
a usual value of about 500 my per gm (12) 
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Partial Punficaiion of FSF from Horse Plasma — Two different methods 
have yielded products having as high a specific activity (milhmicrograms 

Table VII 

Biotin and FSF Contents of Representative Tissues from 6 to 6 Month-Old Chickens 
Samples of the tissues were ground in saline in a glass grinder, autoclaved in 2 5 n 
sulfuric acid for 1 hour at 15 pounds, brought to pH 9 6, and diluted with tv ater The 
uniform suspensions thus obtained were divided into two portions, one of which was 
assayed for its total biotin content, while the other was shaken Tvuth three to four 
portions of ether and then assayed The results of the latter assay gave the biotin 
content of the preparation, while the difference between the two assays was con- 
sidered as activity due to FSF In some cases, indicated by an asterisk, FSF activity 
was determined directly by the assaj of suitable dilutions of the suspension in the 
presence of egg white 

The results are expressed as milhmicrograms of biotin activity per gm of 
fresh tissue 


Sex 

Ciiicken 

No 

Bram 

Lymph 

nodes 

Breast 

muscle 

Liver 

Abdom 
loal fat 

Spleen 

Oviduct 

Testis 

Adrenal 

glands 

Kidney 

9 

1 

Ml 

34 

13 

■ 1 

7 

45 

80 



993 




(83) 

(43) 


(10) 

(83) 

(82) 



(122)* 


2 

■fi/fli 

57 

15 

1380 

2 

72 

134 



1390 



(203) 

(105) 

(52) 

(160)* 

(4) 

(98) 

(106) 



(110)* 


3 

97 

38 

31 

780 

6 

55 

179 


172 

1790 



(195) 

(77) 

(40) 

(131)* 

(5) 

(116) 

(88) 


(248) 

(74)* 


4 

69 

37 

13 

750 

4 

52 

53 


112 

805 



(160) 

(75) 

(35) 

(102)* 

(4) 

(82) 

(99) 


(151) 

(60)* 


5 

142 

49 

29 

1250 

8 

68 

123 






(141) 

(60) 

(48) 

(75) 

(15) 

(102) 

(79) 





6 

127 

87 

36 

740 

3 

77 

118 


131 

1150 



(191) 

(106) 

(41) 


(2) 

(89) 

(61) 


(133) 


c? 

7 

91 

46 

19 

850 

15 

42 



105 

895 



(168) 

(65) 

(35) 

(62)* 

(8) 

(103) 



(140) 

(56)* 


8 

87 

187 

10 

605 


38 



150 

1675 



(174) 

(58) 

(43) 

(64)* 


(99) 



(136)* 

(72)» 


9 

126 

80 

27 

1220 

13 

64 



170 

2140 



(189) 

(101) 

(39) 


(17) 

(110) 



(142) 



10 

82 

44 

18 

1210 

5 

42 



211 

1625 



(228) 

(70) 

(34) 

(60) 

(4) 

(88) 




(0) 


11 


197 

24 

1040 


91 


66 

86 

1123 




(100) 

(42) 

(ISO) 


(71) 


(114) 

(151) 

(162) 

A\ crages 




947 

7 

59 

114 


142 






(107) 

(7) 

(95) 

(86) 


(157) 



t The upper figures represent biotin throughout 
t The lower figures represent FSF throughout 


of microbiological biotin activitj’- per mg of di^ v eight) as commercial 
samples of U S P or c p oleic acid The products so obtamed differed 
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obviously from oleic acid m being at ordinary room temperature (20-25°) 
whitish or pale yellow waxy solids 

One method was a crude counter-current distnbution employing mne 
separatory funnels (18) Table VIII illustrates the results of such an ex- 
peiiment The starting material in this case was prepared by fractionation 
in alcohol 75 ml of the oil from hydrolyzed horse plasma weie suspended 
in 200 ml of hot alcohol. The insoluble portion was extracted inth two 
more portions of hot alcohol. The combined alcohol solutions were refrig- 
erated overnight and filteied in the cold until clear The portion soluble 
in cold alcohol, which contained virtually all of the activity, was concen- 
trated in vacuo to remove the alcohol A dark broira oil was obtamed 

Table VIII 


Counter-Current Distribution of FSF Activity in Nine Separatory Funnels between 
Cyclohexane and 90 per Cent Alcohol 


Funnel No 

Total activity for Lachthacillus 
<a«i when tested at concen 
trations of 1 2030 and less 

Specific activity 



my per mf dry weight 

0 

1 0 


1 



2 

900 

41 

3 

880 

40 

4 

820 

51 

5 

540 

68 

6 

360 i 


7 

60 I 


8 

0 


Total recovered out of 3750 hit 

3980 



which solidified in the cold 1 ml of the oil was dissolved in cj’^clohexane 
(pieviously shaken with 90 pei cent ethyl alcohol) to a volume of 10 ml 
This solution was then used for an eight plate distnbution between c^tIo- 
hexane and 90 per cent ethyl alcohol, each of which had been pieviousl}’’ 
thoroughly shaken vuth the other solvent A theoretical curve based on 
the distnbution coefficient (about 1 1) of the biotin activity between cyclo- 
hexane and 90 per cent alcohol would have placed the maximal amount of 
activity in Funnel 4 Actually, it was distributed between Funnels 2 to 4 
However, the highest specific activity occuired m Funnel 5 In anotliei 
similar expenraent the maximal amount of activity uas distnbuted between 
Funnels 3 to 5 and the specific activit 3 '^ of the matenal fiom Funnel 4 was 
10 m'j per mg A sample of U S P oleic acid dissolved in alcohol, which 
was assaj'ed at the same time with this fraction and for which the diy weight 
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was determined m the same maimei, gave a specific activity of 10 9 my per 
mg However, m other assays the specific activity of oleic acid would be 
as low as 7 my per mg It is important to note here that some fluctuation 
m the assay results i3 introduced as a result of the toxicity of higher concen- 
trations of the fat-soluble matenals The toxic effect was relatively small 
with most of the preparations of the onginal oil from hydrolyzed horse 
plasma, so that at suitable concentrations nearly maximal growth was ob- 
tained Moreover, with these crude FSF preparations the dose-response 
curve closely approached that with biotin itself (1) Such is not the case 
with oleic acid (2) or with the more highly punfied preparations of FSF 
Higher concentrations of these substances all exhibit a gron th-mhibitmg 
effect on Laclobaallus casei, before maximal growth has been attained 

Table IX 


Chromatographte Adsorplton of FSF from Alcoholic Solution onto Aluminum Oxide 


Solvent pissing through column 

Fraction No (each col 1 
1 Iccted Irom bottom of 
! column for 10 mm 
j period) 

Total biolin activity 
for L caict 

Specific activity 



my 

my ptr mt dry utiihl 

95% ethyl alcohol 

1,2 

0 



3 

10 

\ 


4-8 

0 


5% ammonia in 6G% ethyl 

9-12 

0 


alcohol 1 

13 

15 



14 

45 

90 

1 

15 

70 

10 8 


1C 

60 

92 

Starting material 

1920 

32 


Tlie second method of partial punfication depended on chromatographic 
adsorption on aluminum oxide and elution vath ammomacal alcohol The 
activity could be adsorbed either from a cyclohexane solution or from an 
alcoholic solution contaimng only that portion of the original oil which was 
soluble in cold alcohol Wffien such a solution was allowed to percolate 
through a 10 X 2 cm column of aluminum oxide prepared in the corre- 
sponding sob ent and wns followed by more of the same solvent, an orange- 
yellow’ zone soon formed and migrated dow’n the column at a fairlj rapid 
rate All the percolates appeared colorless, except those which included 
the zone and which were bnght yellow In repeated trials, the fraction 
containing the colored matcnal has had a low but significant actinty, 
whereas the fracbons preceding and following it haa e had little or no acti\ - 
ity Most of the acbvity of the ongmal solubon, howei er, remomed ad- 
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Borbed as long as c 3 '-clohexane, 95 per cent alcohol, or alcohol acidified \vitli 
HCl was passed tin ough the column Elution began soon af tei the addition 
of ammoniacal alcohol (5 per cent ammonia in 66 per cent ethyl alcohol) 
and continued slowly ovei a consideiable penod Tables IX and X give 
the lesults of two expeiiments of this t 3 ’'pe In the expenment illustrated 
m Table IX, the yellow matenal was collected as a separate fi action (No 
3) It is obvious that in this expenment elution was still occuinng at an 
appreciable rate when the collection of fractions was discontinued Tlie 
high specific activity of Fractions 14 to 16 is worthy of note In the larger 
scale experiment illustrated in Table X the yellow matenal was not collected 
separately but it probably was lesponsible foi most of the 460 my of activity 


Table X 

Chromatographic Adsorption of FSF from Alcoholic Solution onto Aluminum Oxide 


Matenal 

Total activity 

Specific activity 


tny 

my per me dry veiehl 

Starting material Cold alcohol -soluble por- 
tion of oil fiom hydrolyzed horse plasma in 
95% alcohol 

20,000 


Combined percolates from sample and 100 ml 
95% alcohol 

460 


1st hr ’s percolate after start of 5% NHj m 
66% alcohol 

270 

1 


Next 20 min percolate 

1,000 

32 

“ 20 “ “ 

1,000 

54 

“ 20 “ “ 

soo 


“ 20 “ “ 

800 

67 

“ 20 " “ 

800 

67 

Total recovered in percolates 

5,130 



present in the combmed percolate from the sample and the following 100 
ml of alcohol 

A laiger quantity of a partially punfied matenal was prepared by gross 
adsorption and elution 95 ml of the oil from hoise plasma were dissolved 
in cyclohexane to 400 ml 150 gm of aluminum oxide were added and the 
mixture vas stiiied for half an hour It was then filtered To the filtrate 
were added an additional 100 gm of aluminum oxide, and the mixture was 
again stirred for half an houi It was filtered thiough the same paper 
vhicli had been used previously, and the combined residues were washed 
with 300 ml of cyclohexane The combmed filtrates were concentrated 
in vacuo at 45-50° to give 50 ml of a brovm oil with about one-fourth the 
activit 3 '' of the startmg matenal The aluminum oxide residue was sus- 
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pended in 560 ml of 5 per cent ammonia m 66 per cent ethyl alcohol and 
shaken mechanically half an hour The alummum oxide nas allowed to 
settle and the supernatant was poured off through a filter paper The 
alummum oxide was then resuspended in an additional 280 ml of ammom- 
acal alcohol and was again shaken meehamcally for half an hour The 
mixture was filtered The combined clear amber filtrates were brought to 
a pH of 7 with 6 n HCl to give a cloudy hquid with droplets of brown oil 
This was shaken m 100 ml portions with 100 ml of cyclohexane in a sepa- 
ratory f unn el The same cyclohexane was used for three portions of the 
neutrahzed eluate All of the aqueous-alcohohc lower layers were pooled 
On concentration of these tn vacuo at 50° droplets of brown oil appeared 
when the volume was about 200 ml This matenal was taken up m ether 
On removal of the ether there were obtamed 4 ml of dark brown oil with 
an activity of 6 5 7 per ml The combined cyclohexane extracts were con- 
centrated m vacuo at room temperature to a small volume and left over- 
mght A hght brown waxy matenal was obtamed which, when warmed, 
became an easily flowing hght brown hquid 12 ml of this matenal were 
obtamed, with a biotm actmtyfor Lactobacillus casei of 7 6 7 per ml This 
was the fraction (F) which was found to have biotm-hke activity for chicks 
(see Table V) 


DISCUSSION 

The experiments reported in the present paper support the conclusion 
that hydrolyzed plasma yields a substance, readily extractable with ether, 
which, when mjected intramuscularly, has biotm-like activity in reducmg 
the extent of the dermatitis produced m young chicks by a diet high m egg 
white Usually the effect was not as great as that obtamed by the mjec- 
tion of a comparable dosage of biotm in terms of microbiological biotm 
activity Several explanations for this may be suggested In the first 
place, while there was never any leakage of the injected salme-biotm solu- 
tions on withdrawal of the needle, some leakage of the oils with FSF activity 
frequently occurred While the sahne was rapidly and completely ab- 
sorbed, this was not true of the oil, which moreover had some toxic prop- 
erties Finally, it is possible that the oil obtamed from hydrolyzed horse 
plasma contains more than one substance with biotin actmtj'' for Laclo- 
bacillus casct but onlj’’ one with hiotm activity for chickens This possi- 
bibty IS supported by the high biotm actmty for LaclobaciUus casci of oleic 
acid, a substance with which it has not been possible to demonstrate am 
biotm activity in chickens 

In the studies directed toward punfication of the actne matenal m FSF 
the actmty was followed only bj' microbiological assay, since amounts suffi- 
cient for assay m chicks could not readily bo obtamed It was hoped that 
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methods m which the matenal was subjected to relatively mild treatments 
vould yield final pioducts letaimng their activity for chickens This hope 
was realized mth the partly puiified fraction (F) obtained by adsoiption 
and elution Moie diastic procedures such as saponification weie avoided, 
although in the fiist work concerning the fat-soluble biotin-active substance 
fi om hydi olyzed plasma it was found that the activity foi Laclohacillns casci 
remained in the unsaponified fraction (1). Hofmann and Axelrod (19), m 
their note confinning the finding of a neutral oil fiom plasma inth biotm 
activit}'', lepoited that the activity vent into the saponifiable fraction 
On the basis of personal commumcation, it would appear that this discrep- 
ancy IS the lesult of a longer period of heating vith alkah employed by the 
latter woikeis than by the foiiner, who heated foi 45 minutes With 
several houis heating, the activity of FSF for Lactobacillus casei goes into 
the saponifiable fraction Such saponified matenal has not been tested foi 
its activity in chicks 

A number of authors have suggested ways m vhich oleic acid and related 
compounds might function in bacterial metabolism Dubos (20) has con- 
cluded that in the growth of his Micrococcus C thej’' probably act as cata- 
lysts, whereas in the giovdh of tubercle bacilh they enter into the synthesis 
of cell protoplasm Guirard el al (21) have noted then r61e as substitutes 
foi acetate in the nutntion of some of the lactic acid bacteiia Still other 
lactic acid bactena require oleic acid in addition to both biotin and acetate 
(4, 22, 23) Wilhams and Fieger (3) have postulated that both biotin and 
oleic acid function as cell peimeability factors Perhaps somewhat moie 
likely is the hypothesis (4) that biotin is essential for the synthesis of oleic 
acid as it is foi the synthesis of aspaitic acid (24, 25) 

The latter hypothesis could leadily be applied to multicellular organisms, 
perhaps vith the fuithei addition that biotin enters into moie than one 
stage of the sjm thesis of fatty compounds It was eaily noted bj'’ Boas 
(26) that rats vith seveie biotin deficiency had almost no stoies of body fat 
Fatty infiltration of the liver and increase in body fat of rats have been 
observed after biotin admimstiation (27), and more recently it has been 
found that rats with incipient biotm deficiencj’-, unlike noimal lats, did not 
store excess hpide in the liver when fed a diet high in cholesteiol (28) The 
activity of the neutral oil from hydiolyzed horse plasma foi chickens as 
compared to the inactivity of oleic acid for these animals suggests that 
perhaps in veitebiates the fatty acid must be supplied already combined in 
some mannei m ordei to eliminate partially the need for biotm It is also 
possible that the neutial oil is effective merely because it provides the fatty 
acid in less toxic form (4) In this connection it is interesting to note that 
for a quite different metazoan organism, the larva of the yellow fever mos- j 
quito, it has been found that, while both oleic acid and FSF can replace 
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biotin, the former matenal is active over a narrower range than the latter, 
presumably because of its greater toxicity * 

STJMMABI 

The intramuscular injection of a fat-soluble matenal from hydrolyzed 
plasma into chicks fed a diet high m egg white reduced the seventy of their 
dermatitis almost as much as did the mjection of biotin in a comparable 
dosage m terms of microbiological biotm activity The similar injection of 
oleic acid did not have such an effect, nor could the effect be produced by 
the oral admimstration of the matenal from plasma 
The concentration of the fat-soluble biotin-active matenal, as measured 
by microbiological assay in the plasma of ducks and chickens, shares in the 
general increase in hpides which occurs ivith the onset of egg-laying activity 
The distnbution of this matenal m the tissues of birds roughly parallels the 
distnbution of biotm, except in the liver and kidney, which contain rela- 
tively veiy large amounts of biotm Much of the bound fat-soluble biotin- 
active matenal in the plasma of egg-laymg hens may be concentrated in a 
protein fraction precipitated by dilution of the plasma ivith water 
Partial punfication of the active matenal from hydrolyzed horse plasma 
has been effected by counter-current distnbution in separatory funnels and 
by chromatographic adsorption Fractions have been obtained which ha\ e 
as high a specihc activity for Laclobacilhis casn as oleic acid but which 
differ from oleic acid in physical properties A somewhat similar fraction 
prepared by gross adsorption and elution has been showm to haie the 
biotin-lilve activity when injected into chicks on an egg white diet 
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ELECTROMETRIC AND COLORIMETRIC DETERMINATION 
OF CARBONIC ANHYDRASE 
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(From the DepaHment of Zoology, Dtil e Unwerstly, Durham, North Carolina) 
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The activity of carbonic anhydrase has been estunated by three pro- 
cedures manometnc (1-3), colonmetnc (2, 4-8), and electrometnc (9) 
For investigations of the en 2 yme concentration of tissues the colonmetnc 
method has often been used m preference to the manometnc techmque 
because of its relative simphcity A disadvantage of the colonmetnc 
method has been the inhibitory effects of the mdicator (10) and of the 
carbonate-bicarbonate buffer, an effect also true of phosphate buffer m the 
manometnc method, though to a lesser degree (8) Roughton and Booth 
(8) have found that veronal buffer is without noticeable effect on carbonic 
anhydrase and have suggested a colonmetnc method which employs this 
buffer with brom-thymol blue This method permits the measurement of 
enzyme activity m terms of moles of COi hydrated, allowance bemg made 
for inhibition by the mdicator However, the influence of the mdicator on 
the enzyme activity m this system has not been studied 
This paper descnbes a new electrometnc method which is here em- 
ployed for evaluation of the inhibitory effect of mdicators on carbonic 
anhydrase preparations from vanous sources A modification of the ver- 
onal colonmetnc method suitable for routine determmations of carbomc 
anhydrase m tissues is also presented together with data on its relia- 
bility 


Eleclromclnc Method 

In the electrometnc method suitable amounts of veronal buffer and 
saturated CO 2 solution are mixed at 0° to give a displacement of the 
hydrogen ion concentration from approximately pH 8 to 63 m a con- 
veniently measurable penod of 100 to 120 seconds for the imcataljzed re- 
action The apparatus employed (Fig 1) utilizes tw 0 automatic measunng 
synnges (Becton, Dickinson improved Cornwall synngeNo 1250) to force 
buffer and COj solutions simultaneously mto a reaction \essel containing a 
glass electrode and the enzyme or ex^penmental solutions or both The pH 
changes may be followed (Fig 2) or the time necessarj for the solution to 
reach the end-pomt (pH 6 3) determmed After the reaction is completed, 
the reaction ^essel is flushed and dramed through a distilled watcr-eiacu- 
ation system 
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'‘^Veronal Bvjffer — 1,536 gm of sodium barbiturate were dissolved in 950 ml 
of double distilled watei, and barbitunc acid was added to bring the pH to 
8 15 The amount required varied shghtly with the source The sohition 
was then made up to 1 litei in a glass-stoppered flask Precautions were 
talten to pi event carbon dioxide absorption 

Saturated COt Soluhon — CO 2 from a Dewai flask containing solid CO 2 
was bubbled thiough a gas bubblei mto double distiUed watei at O'” foi nt 
least 1 hour before use 

Indicators — ^To study the effect of mdicatois on the catalyzed and nn- 
catalyzed leactions, pondered biom-thymol blue (Harleco) and pondered 



^iG 1 Apparatus for electrometric determination of carbonic auhydraseactivitj 

phenol red (Meick) were made up m double distilled watei and adjusted 
to pH 6 3 noth NaOH ^ 

A'p'paialns — ^Those poitions of the apparatus shonm in Fig 1 aie mounted 
on a metal support and placed in a glass container, 12 X 7^ X 8| inches 
Connected noth the appaiatus are (o) a 250 ml Maiiotte bottle of CO^-sat- 
urated distilled watei nitha saturatmg device and a long tube to lemove ex- 
cess CO 2 from the vicmity of the appaiatus, (5) a 250 ml bottle of veional 
buffei mth an air vent protected by an NaOH solution, (c) a glass cooling 
coil connected with an elevated distilled water supply, and (d) a vacuum 
lone The total assembly was packed in a water-ice mixtuie in the glass 
contamei and placed m a wooden box with glass wool insulation between 
the tw’o containers It was found convement to carry out the measure- 
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ments m a refngerated room at 4° All experimental solutions were kept 
at 0° 

Standard Beckman electrodes were mounted on a rack and pmion over 
the reaction vessel and connected through a shielded cable to a Leeds and 
Northrup pH meter The pH meter and electrodes were standardized m 
position at 0° with phosphate buffers All solutions used w'ere made with 
double distilled water 

Opaation — ^To place the system m operation, the plunger of the buffer 
synnge is removed and positive pressure mduced through the CO2 absorp- 
tion system of the buffer bottle to fill the synnge through Stop-cock 4 
(The construction of the stop-cock extensions mdicates the onentation of 
the stop-cock ) The synnge is then reassembled and the contents forced 
mto the reaction vessel (jB) through Stop-cock 3 after Stop-cock 4 is closed 
With the synnge plunger still down, Stop-cock 3 is turned to neutral posi- 
tion and Stop-cock 4 is opened The slow release of the plunger allows the 
syrmge to fill with fresh buffer Stop-cock 4 is then closed A similar 
procedure is used to fill the other side of the system wnth saturated CO3 
solution With care all bubbles can be elunmated from the system 

The reaction vessel and electrodes are flushed m the followmg manner 
After both sides of the system are filled. Stop-cocks 1 and 4 are closed and 
Stop-cocks 2 and 3 turned to the positions showm Cold distilled water is 
allowed to flow mto the reaction vessel through Stop-cock 2 until it is full 
The stop-cock m the vacuum Ime (not shown) is then opened and the water 
w ithdrawm through Stop-cock 3 which is low enough for complete drainage 
This process is repeated until the vessel and electrodes are clean (see below ) 

In makmg a determmation all stop-cocks are turned to neutral position 
1 0 to 2 0 ml of experimental solution or distilled water are carefully pipet- 
ted to the bottom of the reaction vessel Both openings mto the reaction 
vessel are covered by this quantity of solution, so that both the buffer and 
CO2 solutions flow in under liquid After temperature equihbnum is 
reached in this solution Stop-cocks 2 and 3 are turned to connect the reac- 
tion vessel with both syringes Both plungers are depressed simultane- 
ously, givmg rapid mrang Stop-cocks 2 and 3 are turned at once to 
neutral position and Stop-cocks 1 and 4 opened Both plungers are then 
slowly released, refillmg the synnges, and Stop-cocks 1 and 4 are then 
closed 


EXPERniENTAU 

Methods — Carbonic anhydrase preparations were made from human 
blood, gastric mucosa of Rana pipicns, and from whole rat bram For 
blood carbonic anhj'drase, hemolyzed eiydlirccj-tcs and the modified crude 
chloroform extract of Rougliton and Booth (11) were used Neither prep- 
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aration showed appreciable change m activity when kept in a refrigerator 
several weeks in dilute solution Mucosal and brain e\tiacts vcie made 
by gnnding fiesh tissue thoioughly and diluting with about 15 volumes of 
distilled water The suspension was then centrifuged 8 minutes at 850 X g 
and the supernatant lemoved and diluted to give a leaction time of 45 to 
70 seconds 

0 2 ml of enzyme solution was added to 1 0 ml of experimental solution 
or distilled water in the leaction vessel 30 seconds prior to the addition of 
2 0 ml each of CO 2 solution and veional buffer Contact of enzyme and 
indicator was limited to this period plus the time of reaction 



Fig 2 Hydration of carbon dio\ide in veronal buffer Displacement of curve 
of enzyme plus brom-thymol blue indicates slight inhibition 

Results ^The curves of a catalyzed and an uncatalyzed reaction aie 
shown in Fig 2, duplicate determmations weie peiformed for the uncata- 
lyzed reaction As illustrated by the curves, the late of change resulting 
from the low buffenng powei at pH 6 3 makes this a suitable end-pomt for 
both the electrometric method and the coloiimetric method of Roughton 
and Booth (8) with brom-thymol blue 
The possibility of enz 3 me adsorption on the walls of the leaction vessel 
and the glass electrodes was examined by lunmng a very potent ciude 
blood pieparation and then measuiing the rate of the uncatalyzed leaction 
which folloued after thiee and again after six flushings of the reaction vessel 
Slx flushings appear adequate 
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Brom-thymol blue has an inhibitory action on carbonic anhydrase, the 
e-rtent depending upon the indicator concentration and the particular 
en 2 yme preparation (Table I) With 1 92 mg per cent of mdicator, a con- 
centration suitable for colonmetnc determinations, the inhibition on rat 

Table I 

Inhtbilton of Carbonic Anhydrase by Brom thymol Blue 
All measurements were made with veronal buffer and electrometric equipment at 
0° The pH of the added indicator solution was adjusted at 6 3 The figures for 
the indicator represent final concentrations Runs with enz)Tne and enzyme plus 
indicator were alternated 


Enzyme preparation 

Indicator 

Enzyme 4* 
water 

Enzyme + 
indicator 

Per cent 

Inhibition 

Probability 


mg Percent 

xec 

xec 



Rat brain 

1 92 

53 8 

59 5 




3 84 

48 4 

62 9 



Frog gastric mucosa 

1 92 

52 3 

56 5 




3 84 

51 1 

62 6 

23 

mmmSSSHmUm 

Human blood, hemo- 

1 92 

51 2 

52 0 


0 5 < P < 0 6 

lyzed 

3 84 

54 3 

60 3 

11 

0 OOK P < 0 01 

Human blood, chloro 

1 92 

51 7 

53 1 

3 

0 4 < P < 0 5 

form extract 

3 84 

53 8 

56 0 

4 


No enzyme 

3 84 

113 2 

113 7 




Table II 

Inhibition of Carbonic Anhydrase by Phenol Red 
All measurements were made with veronal buffer and electrometric equipment at 
0° The added indicator solution was adjusted to pH 6 3 Final concentration of 
phenol red was 2 88 mg percent Runs withenzyme and enzyme plus indicator were 
alternated 


Enzyme source 

Enzyme 4* 
water 

Enzyme 4* 
indicator 

Per cent 
mhibition 

Probability 

Rat brain 

xec 

56 7 

se 

57 9 


0 7 < P < 0 8 

Human blood, homolyzed ' 

56 5 

61 2 

8 

0 01 < P < 0 02 

" “ chloroform extract 

69 1 1 

71 3 

3 

0 05 < P < 0 I 

No enzyme 

115 2 

1 

114 1 


0 7 < P < 0 8 


brain and frog gastric mucosa preparations -was about 11 per cent and 8 
per cent respectively, with a negligible effect on blood preparations In a 
Similar senes vith phenol red (Table II) in a concentration of 2 SS mg per 
cent, as ordinanly used in the Bnnkman technique, the indicator vas mth- 
out significant effect except in the case of hemoljzed blood m which there 
was an 8 per cent inhibition 
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DETERMINATION OF CARBONIC ANHYRRASE 


Colonmeinc Method 

Appaialus and Procedutc — ^The colonraetnc method is an adaptation of 
that desciibed by Houghton and Booth ( 8 ) and utilizes a Coimvall auto- 
matic syiinge to mtioduce cold saturated CO 2 solution into a veronal buffer 
containing biom-thymol blue in a test-tube The time lequiied for the pH 
to diop fiom appi oximately ptl 8 to 6 3 is measured 

The CO 2 satuiation system was similar to that used for the electroraetnc 
method In making a determination,! 2 0 ml of saturated CO 2 solution are 
diaivn into a cold syrmge, and a small test-tube is placed over a 3 inch No 
20 gage needle and held by a small rubber stopper on the shaft of the needle 
The syiinge is then immeised in a water-ice mivture until needed 2 0 ml 
of the cold veional buffei used in the electrometric method containing 5 mg 
per cent of brom-thymol blue are then pipetted into a Eumball test-tube, 
6 X 5 inches, with 1 0 ml of the experimental solution or distilled water, 
stoppered, and placed m an ice-water mixture After allowing time for 
temperatuie equilibration in the test-tube and the syringe, the syrmge is 
quickly removed from the ice mixture, grasped with a cloth to remove e\ 
cess water, and the small tube piotectmg the needle is pulled off TheC0> 
solution is rapidly ejected With the size of test-tube indicated for the 
reaction vessel the syringe will come to rest with the tip of the needle im 
mersed near the middle of the buffer solution and centered by the rubber 
stopper on the needle After removing the syrmge fiom the test-tube the 
needle is washed to remove any enzyme befoie the plunger is released 
The needle may be coated with paraffin, though this was not done in the 
present study The end-point is deterrmned by matching wuth a compa 
rator tube containing brom-thymol blue in veronal buffei at pH 6 3 j Fog 
gmg of the ice bath can be prevented by Anti-Fog, No 111, supplied by 
the American Optical Company 

Results — ^Eleven consecutive determinations of the uncatalyzed leaction 
gave an average of 103 5 seconds wuth a piobable erroi of 1 0 second for a 
single deteiraination Tw'o series of five runs each nuth enzyme gave 
aveiages of 86 4 and 80 4 seconds, ivith a piobable eiror of 1 2 and 23 
seconds foi a single determination Measurements were made with ice- 
packed eqmpment in a room at noimal temperature 

DISCUSSION 

The electiometnc method with its provision foi the automatic measure 
ment of solutions and w^ashing of the leaction chamber permits the mea- 
surement of the carbonic anhydrase activity of a considerable number oi 
samples in a relatiA'’ely short period of time Wliile the method has the 
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disadvantage that the enzyme is subjected to a range of hydrogen ion con- 
centrations during the course of a smgle measurement, this range may be 
limited to any desired portion of the curve 

The electrometric apparatus may be used without the electrodes in colon- 
metnc determmations by addmg indicator to the stock buffer solution, 
though its chief application is with turbid or colored solutions in which 
brom-thjunol blue cannot be used or m which details of the course of the 
reaction are required It has been used here to test the effects of mdicators 
on enzjmies under conditions which duplicate the colonmetnc technique 
in pH range, mdicator concentration, and volume of solutions 

The effects of brom-thymol blue and phenol red on different carbomc 
anhydrase extracts caU attention to certam considerations m the use of 
colonmetnc methods Smce the extent of inhibition vanes vith the 
tissue extract, this value will have to be determmed for the mdmdual tissue 
before corrections can be made m calculations of enzyme activity by the 
procedure of Houghton and Booth (8) In any case, it is apparent that m 
the colonmetnc method the indicator concentration should be kept as low 
as IS practicable The effects here descnbed relate to the experimental 
situation m which indicator is mixed with enzyme immediately pnor to the 
addition of the substrate, and may or may not obtam with prolonged 
contact We are unable to say whether the marked inhibition found by 
Kiese and Hastings (10) may involve this factor or whether it is due to dif- 
ferences m extract and expenmental method 

SUMMARY 

1 An electrometnc techmque for the measurement of carbomc anhydrase 
activity is descnbed In the apparatus employed saturated carbon dioxide 
and veronal buffer are mixed with automatic measunng synnges and the 
pH change measured with the glass electrode 

2 The electrometric method was employed to study the inhibitory effect 
of brom-thymol blue and phenol red on the carbomc anhydrase activity of 
rat brain, frog gastric mucosa, and human erythrocyte preparations, the 
extent of inhibition nas found to vary with the enzyme source and indi- 
cator concentration An mdicator concentration suitable for use in a 
colonmetnc technique gave an inhibition of 0 to 11 per cent 

3 A modification of the Bought on and Booth i eronal-brom-thymol blue 
colonmetnc system is descnbed and data on its reliability presented 
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THE THYROXINE-LIKT] ACTIVITY OF COMPOUNDS 
STRUCTURALLY RELATED TO THYROXINE* 

By earl FRIEDENf and RICHARD J WINZLER 

{From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles) 

(Received for publication, March 27, 194:8) 

In the course of a search for compounds which might prove to be com- 
petitive inhibitors of thyroxine m its action on the penpheral tissues, we 
have initiated a study of the relationship between chemical structure and 
thyroxine-like activity of a number of th 3 U'Oxine analogues 
Early attempts to relate chemical constitution to physiological activity 
have been summarized by Hanngton (1, 2) who concluded that the struc- 
tural requirements for activity were best represented by (I), where X is a 



^ NHj 

(I) 


halogen and the alanine side cham may be functionally substituted Th^ 
report by Looser and Trikojus (3) of appreciable thyroxine-like activity o^ 
thyroxamme, m agreement with the work of Abderhalden ei al (4) but 
contrary to that of Gaddum (5, 6), appeared to indicate that an intact 
alanine side chain may not be reqmred for thyroxine-hke activity Later 
Niemann c£ al (7, 8) suggested the importance of a quinoid resonance in- 
volving the phenolic hydroxyl group and the ether oxygen, the amino acid 
side chain possibly bemg mvolved in the incorporation into a peptide 
linkage These considerations have led us to investigate the effect of other 
previously untested modifications of the side chain on physiological actn ity 

Malcnals 

DL-Thyro\me' was used as the standard m all of the expenments re- 
ported It was dissolved in a minimum amount of dilute sodium hydroxide 

* This Vi ork vras aided by grants from the Committee on Researeh in Endocrinology 
of the National Research Council and by Eli Lilly and Company Acknowledgment 
is made to the Hancock Foundation for providing facilities used in this work 

t Some of the data were taken from a thesis presented b\ Earl Fncden to the 
Graduate School of the Unnorsitj of Southern California in partial fulfillment for 
the requirements for the degree of Master of Science 

* Wo arc indebted to Dr Kenneth W Thompson of Roche Organon, Inc , Nutlcy 
10, Non Jersey , for a generous supply of dl thyroxine 
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THYROXINE-RELATED COMPOUNDS 


and the solution adjusted to pH 8 0 ± 0 5 befoie being made up to volume 

3 . 5- Diiodo-L-t3a osine, m p 202-204°, was prepared fi om L-tyi osine by the 
method of Block and Powell (9) The possibility of %n miio conversion of 
diiodotj’Tosine to thyioxme was minimized m most cases by dissolving a 
neutral suspension of diiodotyrosme m dilute alkali and adjusting to pH 8 
onlj'’ a few minutes piior to the time of injection 

3.6- Diiodo-4-(3',5'-diiodo-4'-hydro\'ypheno\y)-benzoic acid, mp 255°, 
lefeired to as the benzoic acid analogue, was obtained as desciibed by 
Harmgton and Baigei (10) CisHeO^B, calculated, I 69 2 per cent, found, 
68 5 pel cent It was given as the sodium salt 

3 , 5-Diiodo-4-(3' , 5'-diiodo-4'-hydio\ypheno\y)-DL-phenylglycme, the glj^- 
cme homologue of thyroxme, was synthesized as described by’’ Frieden 
and Wmzlei (11) It was administered m the same mannei as DL-thy- 
ro\me 

N-Acetyl-DL- thyroxine, m p 210-214°, was prepared by the method of 
Kendall and Osterberg (12), with the corrections of Ashley and Harmgton 
(13) As expected, the compound gave a negative nmhydiin test and a 
positive Kendall reaction v’lth nitrous acid It was administered as the 
sodium salt at pH 8 0 ± 0 5 

N-Acetyl-3,5-duodo-L-tyi osine, mp 198-200°, was synthesized accord- 
ing to My’-eis (14) Tlus substance also gave a negative nmhydim test and 
a positive Kendall leaction with mtrous acid and was admimsteied as the 
sodium salt 


Methods 

Amphibian Metamorphosis — ^The effect of thy’’ro\me and its analogues on 
amphibian metamoiphosis was followed by obsenung the diminution of 
total body length essentially according to the method of Gaddum (5) 
Gioups of five larvae {Bvfo sp ) weie placed m 250 ml glass dishes contam- 
mg 200 ml of tap water m which the test substance had pieviously been 
dissolved The animals were measured with a miciometei on wlute oil- 
cloth by’- stretching them out to their full length In this way, animals 
could rapidly’- be classified according to size without injury'- They were not 
fed during the course of the experiment, no decrease m length being ob- 
sen’-ed for untreated controls under these conditions Results with at least 
thiee different concentrations of DL-thyroxme admimsteied to tadpoles, m 
addition to untreated controls, were observed along vuth the test substance 
in each experiment Experiments were bi ought to a conclusion when a 
thyroxine control contammg 0 25 y per ml revealed a 40 to 50 per cent 
1 eduction m length 7 to 10 days were requned when the tests were con- 
ducted at room temperature, 25° ± 2° However, only 3 to 4 days were 
required when the assay was conducted in an mcubator at 30 0° ± 0 5° 
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A typical dose -1 espouse curve for thyroxine is given in Fig 1 Considerable 
vanation in response to thyroxine was observed in expenments carried out 
at different times, mvmg to fluctuations in temperature and to differences 
in the ages of the tadpoles 

Goiter Prevention Method— The goiter prevention method for the biologi- 
cal determination of DL-thyroxme or thyroxme-hke activity m rats has 



DL-THYROXINE DOSE (j-A,!) 

Fig 1 Di,-Thyro\ine dose plotted against response m terms of per cent decrease 
in length in a typical experiment with larvae of Bufo sp Groups of five tadpoles, 
20 to 25 mm in length, nere incubated at 25° ± 3° for 7 daja or at 30 0° ± 0 5° for 3 
to 4 days Initial and final lengths were determined to the nearest 0 5 mm Con- 
trast in body shape of the larvae with increasing nL-th 3 Toxine concentration has also 
been indicated 

been employed by Dempsey and Astwood (15), Reineke, MLxner, and 
Turner (IG), and others Groups of four to sl\ albino rats of the Uni- 
versity of Southern California strain, weighing between 100 and 200 gm , 
were used throughout these expenments 0\er the 15 daj assay penod, 
the experimental animals were fed ad bbilum with 0 3 per cent thiouracil 
incorporated in their stock diet Daily mtrapentoneal mjections of the 
test compounds were gixen for 14 days, the mjection x olume usually being 
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THTROXINE-RELATED COMPOUNDS 


about 0 25 ml per 100 gm The animals were weighed and sacrificed on 
the 15th day The thyroid glands were then removed and weighed to tliD 
nearest 0 1 mg The room tempciature was m the range of 24° ± 1 G° 
DL-Th 3 no\me controls were used in each senes of experiments A tjpical 


o 



Fig 2 Typical standard curve showing the effect of DL-thyroxine dose, in micro 
grams per 100 gm of body weight, on the thyroid weight, in mg per 100 gm , m thi 
ouracil-fed rats Groups of approximately six 150 to 200 gm females were fed a 0 c 
per cent thiouracil diet for 15 days, during which time they received daily intrapen 
toneal injections of the appropriate amount of nn-thyroxine 

standard curve showing the direct relationship between nn-thyioxine dost 
and thyroid w^eight response is showm in Fig 2 

RESULTS AND DISCUSSION 

The results of the tests on the various compounds are summarized ii 
Tables I and II, which show that SjS-dnodo-L-tyrosine, the benzoic acK 
analogue, N-acetylthyroxine, and the glycine homologue of thyroxme exer 
thyroxine-hke activity m both species 
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It IS evident from Table I that under the conditions of this experiment 
sodium iodide, even at 1 25 mg per ml , had no influence on the body length 
of tadpoles In longei term experiments, however, it has frequently been 
observed that iodide ion will accelerate the rate of metamorphosis of 
amphibian larvae Concentrations of orgamc iodine contammg compounds 
such as tetraiodophthalate and N-acetyldiiodotyrosme as high as 0 2 and 
1 0 mg per ml respectively had no detectable influence on body length 

In Table I, duodotyrosme is shown to exert a pronounced effect on the 
body length of tadpoles at levels of a few micrograms per ml Thus, the 
thyroxme-like activity of diiodotso-osme is at least several hundred times 
greater in these expenments than an equivalent amount of morgamc lodme 
The thyroxme-like action of 3,5-duodo-L-tyrosme on the body length 
and shape of tadpoles ranged from 1 to 2 per cent of that of DL-th3noxme, 
smce 25 y per ml of duodotyrosme gave an effect equal to that of about 0 25 
Y per ml of thyroxme It cannot yet be stated whether or not this activity 
IS due to the conversion of duodotyrosme to thyroxme m the mcubation 
medium or m the orgamsm We have observed, however, that duodo- 
tyrosme solutions kept at room temperature for some months show a 
steadily increasing thyroxme-like action, nsmg to as high as 6 per cent of 
that of thyroxme after 12 months of storage 

Table I also shows that the tbyroxme-hke effects of the glycine homo- 
logue and benzoic acid analogue of thyroxme on body length and shape of 
tadpoles are very high Although the possibility that these compounds 
may be converted to thyroxme cannot be eliminated, we believe it more 
likely that the thyroxme-like action is inherent m the compounds them- 
selves 

It IS mterestmg that acetylation of the ammo group of either thyroxme 
or duodotyrosme markedly reduces their thyroxme-like action m Amphibia 
Similar results have been previously reported for N-acetylthyroxme 
(Kendall (17), Swmgle el al (18)) This suggests that the acetylated 
compounds are either used inefficiently as such or are only poorly hydro- 
lyzed to the free ammo acids 

Table II shows that duodotyrosme, the glycine homolog<ie, and the 
benzoic acid analogue show defimte thyroxine-like actmty m the pre- 
vention of thiouracil goiters This action is x ery definite, although rela- 
ti\ ely large amounts of the compounds are necessary to prex ent thjYoid 
enlargement completely The prexention of thiouracil goiters impliesa par- 
ticipation of these compounds directly or indirectly in the thxTOid-pituitarx 
axis, and need not necessanly indicate a tb>roxme-like influence on penph- 
eral tissue Prelirmnary ex'penments on the effect of diiodotxTosme, X- 
acetj Ithj roxine, and the benzoic acid analogue on the basal metabolic rates 
of rats haxe indicated, howexer, that a metabolic stimulation also occurs 
wth the admmistration of these compounds 
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THYROXINE-RELATED COMPOUNDS 


It IS well known that iodide administration partially i educes the goitro- 
genic action of thiouracil in lats (19) Ilowevei, in our e\penence, one 

Table I 


Thyroxine-Like Activity of Compounds As Determined by Amphibian Metamorphosis 


Compound 

Dose 

Per cent 
decrease 
in length 

[ Per cent 
' thyrotinc like 

I activity* 

Average thyroi 
me like activ 
ity of compound 


7 per ml 


! 

per cent 

3,5-Diiodo-L-tyrosine (fresh) 

5 

9 

0 5 



15 

25 

2 0 



25 

45 

1 1 0 



60 

64 

' 1 0 



25 

33 

1 0 



60 

53 

1 0 

1 0 

Benzoic acid analogue 

' 2 0 

18 

10 



3 0 

40 

15 



1 5 

I 23 

10 



2 5 

41 

20 



4 6 

1 50 

12 



0 5 

14 

20 



3 0 

31 

10 



1 5 

39 

30 


Glycine homologue 

4 6 

65 

20 

16 


2 5 

33 

20 



0 25 

25 

50 


1 

1 

1 0 

65 

50 



1 6 

60 

60 



2 6 1 

37 

20 

35 

N -Acetyl -DL-thyroxine 

5 0 : 

10 

2 



12 6 

37 

3 



12 5 

42 

3 



25 0 

55 

2 

2 6 

N -Acetyl -3 , 5-diiodo-L-tyrosine 

500 

0 

0 



1000 

0 1 

0 



2500 

22 j 

0 005 

0 005 

Potassium iodide 

25 

~6 

0 



125 

(Toxic) 


0 

Sodium iodide 

60 

0 

0 



125 

0 

0 



250 

0 

0 



500 

0 

0 



1250 

0 

0 

0 

1 


* Estimated from the DL-thyro\ine curve based on untreated controls and several 
DL-thyro\ine levels observed simultaneously with the test substance 


expel iraent being shoira in Table II, this effect has never exceeded 35 per 
cent restoration even at very high iodide levels From the fact that the 
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effect of tffiouracil on the weights of the thyroid gland can be completely- 
negated by the administration of diiodotyrosine or the benzoic acid ana- 
logue, it IS inferred that these compounds affect the thyxoid-pituitary axis 
independently from the possible liberation of iodide Similarly the sig- 
mficant effect of the glycine homologue at a level of 5 mg per kilo is inter- 
preted as a thyroxme-like action of this compound 


Table II 

Thyroxine-Like Activity of Compounds ^Is Determined by Goiter Prevention Method 


Daily intraperitoneal injection 

Bally dose 

1 

Thyroid weight ! 

Decrease m 
thiouracil 
effect* 

DL- 

Thytoxine 

eqmvalentt 

Per cent 
DL-thyronne 
activity 


1 

mg per 
too gm 


mg per 
too gm 


per cent 

- ! 


3,5-Diiodo-L-tyrosine 

2 6 

10 

6 

± 

1 

4t 

94 

2 

5 

0 10 


16 0 

17 

8 


3 

2 

65 

4 

2 

0 028 


25 0 

10 

8 

± 

1 

3 

95 

5 

7 

0 023 

Benzoic acid analogue 

0 25 

30 

4 

± 

2 

5 

20 

0 

7 

0 28 


1 0 

23 

8 

± 

9 

9 

16 

1 

1 

0 11 


1 0 

18 

4 


1 

8 

52 

1 

5 

0 15 


6 0 

7 

3 

zk 

0 

6 

112 

4 

0 

0 08 

Glycine homologue§ 

0 50 

20 

9 

db 

3 

9 

45 

1 

0 

0 20 

N -Acetyl-DL-thyroxine 

0 0050 

24 

3 

dk 

5 

1 

43 

1 

5 

30 

1 

0 0125 1 

13 

1 

± 

1 

9 i 

72 j 

1 

9 

16 

N-Acetyl-3,5 dnodo-L- 

5 0 

20 

6 

± 

2 

1 

57 1 

2 

1 ! 

0 04 

tyrosine 

Potassium iodide 

25 0 

28 

1 

± 

3 

9 

32 

1 

9 

<0 008 


* Per cent decrease in ttiiouracil effect = 100 X (X — Y)/{X — N), where X is 
the thyroid weight of thiouracil controls, Y that observed with the test compound, 
and N that of normal controls (9 5 mg ) 

t Estimated from the standard dl thyroxine curve based on the thiouracil con- 
trols and one or more DL-thyroxinc levels run simultaneously with the substance 
under test 

f Average deviation 

§Mico were used ns test animals for this expenment to permit testing of this 
compound at a sufficiently high level 

N-Acctylthjrroxine showed one-sixth to one-third the activity of thy- 
roxme when tested by the goiter pretention method These data are in 
good agreement w ith those of Gaddum (6) The relatu ely greater actix ity 
of this compound and of N-acetyldiiodotyTosine m the rat compared to the 
tadpole IS the only^ case that we have encountered m which compounds exert 
greater thy roxine-likc activ ity in the lughcr species The indication of a 
species difference in the utilization of N-acetydated thyToxine-hkc com- 
pounds may help to explain some of the earlier discrepancies on this point 
m the literature (6, 17, IS) 
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THYROXINE-EELATED COMPOUNDS 


These findings permit some generalizations as to the impoitance of the 
side chain in the structural lequirements foi thyro\me-like activity 
Willie the full side chain appeals to be necessaiy foi the maximum quanti- 
tative effect of a compound, this part of the molecule can nei^ertheless 
undergo considerable alteiation without eliminating thyioxine-hke 
activity The data available on a number of compounds, involving side 
chain modifications, aie presented m Table III The senes is not j^et 
complete, but all compounds involving side chain alterations studied thus 
far have shown an appreciable thyroxine-like activity on Amphibia and a 
demonstrable activity on mammals From this work and that of Niemann 
ei al (7, S) we can generalize still further on the structural requirements for 
thyroxine-like activity The major structural prerequisites, represented by 


Table III 

Effect of Side Cham Variation on Thyroxinc-Like Activity 


I I 

R o{ HO-^ 

I I 

i Per cent thyroime like activity 

Amphibia 

Mammalia 

1 

Bibliogro^ic reference 

COOH 

16 

0 16 

This report 

Ethylamine 

50-100 

SO 

(3) 

Glycine 

35 

0 20 

This report 

Pyruvic acid 


27 

(22) 

Alanine l 

100 

100 


“ N-acetyl j 

2 5 

10-30 

(6), this report 

“ N-glycyl 


100 

(6) 

“ N-alanyl 


100 

(6) 


(II), are as follows ’ (1) an orthodihalogenophenohc-diphenyl ether con- 


X 



(OH) X 
(H) 


figuration, (2) a hydroxy group either ortho or para to the ether oxygen, 
(3) a side chain which must include a functional group such as a carboxyl 
or an ammo group or both Maximum thyroxme-Iike activity is obtained 

-The activity of 3,5-diiodo-L-tyrosine is the only important exception to II 
This can be explained by assuming m vivo conversion to thyroxine This is not un- 
likely in view of the work of von Mutzenbecher (20) and Dvoskin (21) 

’ Preliminary tests on the effects of 3,5-dnodo-4-(4'-hydroxyphenoxy)-anihne on 
Amphibia indicate that this compound is at least one-fourth as active as DL-thyroxine, 
lending further support to the suggestiona made Preparation of the corresponding 
tetrniodo aniline derivative is in progress 
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when the side chain consists of an alanine group, the hydroxyl group is para 
to the ether linkage, and there are 4 lodme atoms occupying the 3,5 and 
3', 5' positions 


SUMMARY 

Several compounds structurally related to thyroxine have been tested for 
thyro\ine-like activity on amphibian metamorphosis and prevention of 
increase in the thyroid gland weights of thiouracil-fed rats Demonstrable 
activity has been observed for the glycine homologue of thyroxine, a 
benzoic acid analogue of thyroxine, N-acetylthyroxme, and 3 , S-duodo-u- 
tyrosine m both tests These findmgs indicate a lack of specificity of the 
side chain requirement for thyroxine-like activity 

It IS suggested that the minimum structural requirements for thyroxme- 
like activity m Amphibia and mammals are the orthodihalogenophenolic- 
diphenyl ether configuration, a hydroxy group ortho or para to the ether 
oxygen, and a side chain which includes some functional group 

We are indebted to Miss Elizabeth V Tukich for assistance in the goiter 
prevention assays 
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A FACTOR REQUIRED FOR THE GROWTH OF LEUCONOSTOC 

CITROVORUM* 

Bt H E SAUBERLICH aw C A BATOIANN 

{From, the Deparlmenl of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 

(Received for publication, June 21, 1948) 

During a survey of organisms suitable for the microbiological determina- 
tion of alanine, it was found that Leiiconosioc cilrovorum 8081 failed to grow 
on a synthetic medium that was satisfactory for Leuconostoc mesenteroides 
P-60 and other assay organisms However, the addition to the medium of 
eertam crude extracts from hver resulted m a very rapid rate of growth of 
L cilrovorum, and the commercial hver preparation reticulogen (Lilly), 
active in Addison’s permcious anemia, proved to be effective m such small 
concentrations that the orgamsm could be used for the microbiological 
dete rmin ation of alarune and other ammo acids m the presence of this sup- 
plement Prehmmary attempts were then made to determme the relation- 
ship between the unknown factor required by L airovontm and certain 
other growth factors, mcluding the antipermcious anemia prmciple 

Methods 

The orgamsm, Leuconostoc cilrovorum 8081, Amencan IVpe Culture 
Collection, Georgetown Umversity, Washmgton, D C , was maintained 
on a yeast-peptone stab medium and was transferred every 2 to 4 veeks 
Pnor to use for assay purposes, the orgamsm was grown m 10 ml of a casein 
hydrolysate (Medium IV) (1) to which 0 2 per cent of jeast extract (Drfco) 
had been added A 20 to 24 hour culture was centrifuged twice and the 
cells diluted with 0 9 per cent NaCl to a standard degree of turbidity 
((? = 65 to 70 in a standard Evelyn tube. Filter 660) 1 drop of this diluted 

cell suspension was added to each assay tube, which also contained 1 ml 
of the sjmthetic medium (Table I) plus the sample and water to make a 
total of 2 ml The assay tubes were then incubated for 72 hours at 37° and 
the acid production measured by electrometnc titration with 0 02 n NaOH 

EXPERIMENTAL 

Response to Liver Prcparalions — The addition of the hxer concentrate 
i-eticulogcn, which accordmg to the manufacturer contained 20 U S P 

( 'Published with the approial of the Director of the Wisconsin Agricultural 
Experiment Station Supported in part bx a grant from the Committee on Gronth, 
National Research Council, acting in behalf of the Amencan Cancer Socictx 
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units of the antipenucious anemia principle pei ml , lesulted in such rapid 
groiiiii of the organism Leiiconostoc ciliovonnn that a quantitative response 
could be measured turbidimetncally after only 10 houis (Fig 1) A maM- 
mal response was observed when the medium contained 2 0 microliters of 
reticulogen per 10 ml of medium as read, or 0 2 nucrohter per ml How- 

Table I 


Basal Medium VI* 



m£ 


ni 

Ammo acids 


Salts A 


DL-a- Alanine 

200 

KH.PO< 

600 

L-Arginine 

200 

K5HPO4 

600 

L- Aspartic acid 

100 

Salts B 


L- Asparagine 

400 

MgS04 7HsO 

200 

L-Cysteine 

50 

FeS04 7HjO 

10 

L-Glutamic acid 

300 

MnSO^ 4H50 

20 

Glycine 

100 

NaCl 

10 

L-Histidine 

50 

^ Purines and pyrimidines 


DL-Isoleucine 

250 

Adenine sulfate 2H2O 

10 

DL-Leucine 

250 

i Guanine hydrochloride 

10 

L-Lysine 

200 

Uracil 

10 

DL-Methiomne 

100 

Xanthine 

1 10 

DL-Phenylalanine 

100 

' Vitamins 


L-Proline 

100 

Thiamine hydrochloride 

05 

DL-Senne 

50 

PyridoMne hydrochloride 

10 

DL-Threonine 

200 

Pyrido\amine hydrochloride 

03 

DL-Trjqitophan 

40 

Pj'ridoxal hydrochloride 

03 

L-Tyrosme 

100 

Calcium dl-pantothenate 

05 

DL-Valine 

250 

Eiboflavin 

05 


gm 

Nicotinic acid 

10 

Glucose 

25 

p-Ammobenzoic acid 

01 

Sodium acetate 

20 

Biotin 

0 001 

Ammonium chloride 

3 

Folic acid 

0 010 



Adjust to pH 6 8, add distilled 




HjO to 

500 ml 


* The designation, Medium VI, is used to distinguish this medium from those 
described in previous publications (1) 


ever, when the incubation was prolonged for 72 hours, maximal acid pro- 
duction was observed with only 0 09 to 0 10 microhter of reticulogen per 
ml of medium as titrated (0 2 microhter per 2 ml tube, Fig 2), and a half 
optimal response was observed when the medium contained only 0 025 
microhter of reticulogen per ml This latter half optimal response was 
designated as 1 “citrovorum unit” for the assay of other crude matenals to 
obviate the necessity for a specific reference standard The response of 
L citrovorum to the active pnnciple in hver was not altered by the addition 
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of large amounts of thiamine, pyndoxal, pyndoxamme, hydrox3^rohne, 
or the ash of yeast extract Some production of acid, however, resulted 
when large amounts of crystalhne fohc acid were present in the medium 
A response equivalent to 1 airovorum umt was noted when 1 4 to 2 7 of 



Fig 1 Response of Leuconosioc cilrovorum to graded amounts of reticulogeu as 
determined by turbidity measurements after 10, 15, and 23 hours with the Evelvn 
colorimeter (660 mu filter with an uninoculated tube set at 100 as the blank, 10 ml 
volume assay) 



Fig 2 Response of Lcuconosloc ctirovonm to graded amounts of rcticulogen, as 
determined bj the measurement of acid production after 72 hours (2 ml \olurac 
assay) 

folic acid were added per ml of medium as titrated Tlie response of the 
orgamsm to folic acid, hovever, differed quahtatnely from that due to the 
factor in In er, since there v as a marked delay in the growth of the orgamsm 
given only the fohc acid, and no xasible grow th was noted dunng the first 
24 to 36 hours Since the reticulogen preparation contained only 8 7 7 of 
fohc acid per ml , the amount of fohc acid in the 0 025 microlitcr of reticu- 
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logen required for half optimal growth supplied only 0 0002 y of folic acid 
per ml of medium Thus it was obvious that the response of the organism 
to reticulogen could not be attnbuted to the fohc acid present, for the 
amount of fohc acid in the basal medium was 0 02 7 per ml The data by 
Dunn and associates indicated that L cttrovonim 8081 grew fairly well on 


Table II 

Response of Leziconosioc citrovorum 8081 to Various Liver Concentrates Active against 

Pernicious Anemia 


Sample No 

Liver extract* 

U S P units 
per ml 

Citrovorum 
umtst per ml 

1 

Lilly, Lot 360, reticulogen, enzyme-treated 

20 


2 

” “ 360, ” untreated 

20 


3 

” ” 360 “ 

20 


4 

Sharp and Dohme, Lot 2505 

15 


5 

Abbott, Lot E-1043 

15 

32,000 

6 

Lilly, Lot 370 

2 

20,200 

7 

Abbott, Lot E-1125 

15 

19,200 

8 

Lilly, Lot E-1181 

Unknown 

18,100 

9 

” “ E-1203,pergm 

" 

13,900 

10 

” ” E-1204 

tt 

11,720 

11 

“ “ 410 

10 

10,600 

12 

” ” E-1180 

Unknown 

9,180 

13 

Abbott, Lot E-567 

15 

7,880 

14 

Lilly, Lot E-1108 

20 

6,710 

15 

Armour 

10 

4,930 

16 

Lederle, Lot 3641-34 

10 

4,880 

17 

Abbott, 95% alcohol evtiactives, per gm 

Unknown 

2,140 


* Sample 1, Lot 0030-442346, was treated with hog kidney enz3'-nie in the manner 
used to liberate conjugated fohc acid (4), Sample 3 was an unhydrolyzed sample of 
similar material, Lot 4250-418561, Samples 3 to 17 were obtained from Dr W R 
Ruegamer, U D Register, Dr C A Elvehjem, Dr A R Robblee, C A Nichol, 
Dr W W Cravens,! J Betheil, and Dr H A Lardy of this department, Sample fa 
was a relatively crude preparation high in solids, Sample 14 was a relatively purified 
preparation low in solids 

t The "citrovorum unit” was designated as the amount of substance requirea per 
ml to give one-half mavimal acid production in 72 hours by Leuconostoc citrovorum 
SOSl when grown on Basal Medium VI (Table I) 

a medium containmg 0 005 7 per ml of a crude concentrate of fohc acid 
(2), but that the orgamsm failed to grow when the concentrate was replaced 
by tr stalhne fohc acid (3) 

A senes of preparations from hver ranged in activity from 2140 to 41,900 
cilroyonm umts per ml or gm (Table II) Most of these were commercial 
products or expenmental samples prepared as concentrates of the anti- 
permcious anemia pnnciple All of the preparations which were active 
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clinically were also active m promoting the growth of Leuconostoc citrovorum 
Quantitatively, however, there was a fairly wide discrepancy between the 
potencies of the vanous preparations for the growth of Leuconostoc alro- 
vorum and their reputed effectiveness for pernicious anemia patients The 
most active preparation for the orgamsm was a sample of the hver concen- 
trate, reticulogen, which had been treated with hog kidney enzymes for 24 
hours at pH 4 5 m a citrate-phosphate buffer This treatment is effective 
m the release of fohc acid from its conjugate (4) This preparation con- 
tained 41,900 citrovorum umts per ml (Table II, Sample 1), whereas an 
unhydrolyzed ahquot of the same preparation, reticulogen (Table II, 
Sample 2), contained 40,000 citrovorum umts per ml The hydrolytic 
procedure therefore failed to increase the activity of the preparation by 
more than 5 per cent Since Sample 2 contained 20 U S P (chmcal) 
units of the antipermcious anemia factor and 40,000 citrovorum umts per 
ml , 1 U S P umt of this preparation contamed 2000 citrovorum umts 
Essentially the same relationship was observed m a second reticulogen 
preparation, Sample 3, and m hver extracts Samples 4 and 5, m which 15 
U S P umts per ml were equivalent to 34,000 and 32,000 airovorum umts 
respectively (Table II) However, two other preparations from hver con- 
taimng 15 U S P umts per ml (Samples 13 and 7) were found to contam 
only 7880 and 19,200 citrovorum umts per ml The most active preparation 
for the orgamsm m relation to reputed chmcal potency was a crude prepara- 
tion relatively high m solids m which 2 U S P units corresponded to 20,200 
atrovorum umts (Table II, Sample 6), a ratio of 1 10,100 On the other 
hand, a highly punfied preparation low in solids. Sample 14, which was 
reputed to contam 20 U S P umts per ml , vas found to contain only 
6700 citrovorum umts per ml , a ratio of only 1 335 The ratio of chmcal 
to nucrobiological response for all the samples was thus found to vary over 
a 30-fold range This result is suggestive of the expenence of Rickes and 
associates (5) mth Lactobacillus lacits Domer, in which the ratios of chmcal 
to microbiological potencies of products contaimng 1 5 U S P units per ml 
vaned over a 12-fold range 

Since the extracts consisted largely of crude matenals, several possi- 
bihties are suggested (a) that related compounds were present in prepara- 
tions such as Sample 13 or 14, which were active chmcally but were inactive 
microbiologically, (6) that part of the active pnnciplc occurred in a bound 
form not available to the microorgamsm and not released by hog kidnej 
enzjTnes, or (c) that more than one factor is needed by the organism A 
lack of precision in the results of chmcal assaj s could also ha\ e been partlj 
responsible for the discrepancies between the two Ijiics of biological re- 
sponses Incidentally, m the assay of representatn c Incr preparations 
results essentially similar to the xalucs obtamed titnmetncall} were al^yj 
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logen required for half optimal giowth supplied only 0 0002 y of folic acid 
per ml of medium Tlius it was obvious that the response of the organism 
to reticulogen could not be attiibuted to the folic acid present, for the 
amount of folic acid m the basal medium was 0 02 7 per ml The data by 
Dunn and associates indicated that L citrovonim 8081 grew fairly well on 


Table II 

Response of Leneonostoc eilrovorum 8081 to Various Liver Conecnlralcs Active against 

Pernicious Anemia 


Sample No 

Li\ er extract* 

U S P units 
per ml 

Ctlrovorum 
umtst per ml 

1 

Lilly, Lot 360, reticulogen, enzyme-treated 

20 


2 

" ” 300, “ untreated 

20 


3 

« ,< 3gg 

20 


A 

Sharp and Dohme, Lot 2505 

15 

KIBiiW 

5 

Abbott, Lot E-1043 

15 

32,000 

6 

Lilly, Lot 370 

2 

20,200 

7 

Abbott, Lot E-1125 

15 

19,200 

8 

Lilly, LotE-1181 

Unknown 

18,100 

9 

” ” E-1203,pergm 

ft 

13,900 

10 

” ” E-1204 

(t 

11,720 

11 

<< « 410 

10 

10,600 

12 

» » E-1180 

Unknown 

9,180 

13 

Abbott, Lot E-567 

15 

7,880 

14 

Lilly, LotE-1108 

20 

6,710 

15 

Armour 

10 

4,930 

16 

Lederle, Lot 3641-34 

10 

4,880 

17 

Abbott, 95% alcohol exti actives, per gm 

Unknown 

2,140 


* Sample 1, Lot 0030-442346, ivas treated with hog kidney enzyme m the nmnner 
used to liberate conjugated folic acid (4), Sample 3 was an unhydrolyzed sample of 
similar material, Lot 4250-418561, Samples 3 to 17 were obtained from Dr W K 
Ruegamer, U D Register, Dr C A Elvehjem, Dr A R Robblee, C A Nichol, 
Dr W W Cravens,! J Betheil, and Dr H A Lardy of this department, Sample fa 
was a relatively crude preparation high in solids, Sample 14 was a relatively purified 
preparation low in solids 

t The "eilrovorum unit” was designated as the amount of substance requireU per 
ml to give one-half maximal acid production in 72 hours by Leuconostoc citrovorum 
SOSl n hen grown on Basal Medium VI (Table I) 

a medium contammg 0 005 7 per ml of a crude concentiate of folic aciu 
(2), but that the orgamsm failed to grow when the concentrate was replaced 
by or stalhne folic acid (3) 

A senes of prepaiations from liver langed m activity from 2140 to 41,900 
cifrownm units per ml orgm (Table II) Most of these were commercial 
products or expenmental samples prepared as concentrates of the anti- 
permcious anemia principle All of the preparations which were active 
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clinically were also active m promoting the growth of Lenconosioc atrovorum 
Quantitatively, however, there was a fairly wide discrepancy between the 
potencies of the vanous preparations for the growth of Leuconostoc atro- 
vorum and their reputed effectiveness for permcious anemia patients The 
most active preparation for the orgamsm was a sample of the liver concen- 
trate, reticulogen, which had been treated with hog kidney enzymes for 24 
hours at pH 4 5 m a citrate-phosphate buffer This treatment is effective 
m the release of fohc acid from its conjugate (4) This preparation con- 
tamed 41,900 ctirovorum umts per ml (Table II, Sample 1), whereas an 
unhydrolyzed ahquot of the same preparation, reticulogen (Table II, 
Sample 2), contained 40,000 atrovorum umts per ml The hydrolytic 
procedure therefore failed to mcrease the activity of the preparation by 
more than 5 per cent Since Sample 2 contamed 20 U S P (climcal) 
umts of the antipermcious anemia factor and 40,000 atrovorum umts per 
ml , 1 U S P umt of this preparation contamed 2000 atrovorum umts 
Essentially the same relationship was observed in a second reticulogen 
preparation, Sample 3, and m hver extracts Samples 4 and 5, m which 15 
U S P umts per ml were equivalent to 34,000 and 32,000 atrovorum umts 
respectively (Table II) How'ever, two other preparations from hver con- 
taming 15 U S P umts per ml (Samples 13 and 7) were found to contain 
only 7880 and 19,200 atrovorum umts per ml The most active preparation 
for the orgamsm m relation to reputed chmcal potency was a crude prepara- 
tion relatively high m solids m which 2 U S P umts corresponded to 20,200 
atrovorum umts (Table II, Sample 6), a ratio of 1 10,100 On the other 
hand, a highly punfied preparation low m solids. Sample 14, which w^as 
reputed to contain 20 U S P umts per ml , w'as found to contain only 
6700 atrovorum umts per ml , a ratio of only 1 335 The ratio of clinical 
to microbiological response for all the samples w'as thus found to \ ary over 
a 30-fold range This result is suggestive of the expenence of Rickes and 
associates (5) with Lactobacillus lacits Domer, m which the ratios of chmcal 
to microbiological potencies of products containmg 1 5 U S P units per ml 
vaned over a 12-fold range 

Since the extracts consisted largely of crude matenals, several possi- 
bihties are suggested (a) that related compounds were present in prepara- 
tions such as Sample 13 or 14, which were active chmcally but were inactive 
microbiologically, (5) that part of the active pnnciple occurred in a bound 
form not av ailable to the microorgamsm and not released b> hog kidnej 
enzjmcs, or (c) that more than one factor is needed by the organism A 
lack of precision in the results of chmcal assays could also hav e been partly 
responsible for the discrepancies between the two tj-pes of biological re- 
sponses Incidentally, in the assay of representative liver preparations 
results essentially similar to the values obtained titrunctncallj were ako 
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logen required for half optimal growth supplied only 0 0002 y of folic acid 
per ml of medium Thus it was obvious that the response of the organism 
to reticulogen could not be attnbuted to the folic acid present, for the 
amount of folic acid in the basal medium was 0 02 y per ml The data by 
Dunn and associates indicated that L ctirovonm 8081 grew fairly well on 


Table II 

Response of Leuconoaloc citrovorum 8081 to Various Liver Concentrates Active against 

Pernicious Anemia 


Sample No 

Liv er ettract* 

U S P units 
per ml 

Citrovorum 
umtst per ml 

1 

Lilly, Lot 360, reticulogen, enzyme -treated 

20 


2 

” ” 360, “ untreated 

20 


3 

“ “ 360 ” 

20 

35,000 

4 

Sharp and Dohme, Lot 2505 

15 

34,000 

5 

Abbott, Lot E-1043 

15 

32,000 

6 

Lilly, Lot 370 

2 

20,200 

7 

Abbott, Lot E-1125 

15 

19,200 

8 

Lilly, LotE-1181 

Unknown 

18,100 

9 

” ” E-1203,pergm 

(( 

13,900 

10 

” ” E-1204 

II 

11,720 

11 

« « 410 

10 

10,600 

12 

” “ E-1180 

Unknown 

9,180 

13 

Abbott, Lot E-567 

15 

7,880 

14 

Lilly, Lot E-1108 

20 

6,710 

15 

Armour 

10 

4,930 

16 

Lederle, Lot 3641-34 

10 

4,880 

17 

Abbott, 95% alcohol extractives, per gm 

Unknown 

2,140 


* Sample 1, Lot 0030-442346, was treated with hog kidney enzjTiie in the manner 
used to liberate con]ugated folic acid (4), Sample 3 was an unhydrolyzed sample of 
similar material, Lot 4250-418561, Samples 3 to 17 were obtained from Dr W 11 
Ruegamer, U D Register, Dr C A Elvehjem, Dr A R Robblee, C A Nichol, 
Dr W W Cravens,! J Betheil, and Dr H A Lardy of this department. Sample b 
was a relatively crude preparation high in solids, Sample 14 was a relatively purified 
preparation low in solids 

t The "citrovorum unit” was designated as the amount of substance required per 
ml to give one-half ma\imal acid production in 72 hours by Leuconosloc citrovorum 
8081 when grown on Basal Medium VI (Table I) 

a medium contaimng 0 005 y per ml of a crude concentiate of folic acid 
(2), but that the orgamsm failed to grow when the concentrate was replaced 
by or stalhne folic acid (3) 

A senes of preparations from hver ranged m activity from 2140 to 41,900 
citrovorum umts per ml or gm (Table II) Most of these were commercial 
products or expenmental samples prepared as concentrates of the anti- 
permcious anemia principle All of the preparations which were active 
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clinically were also active m promoting the growth of Leuconostoc citrovorum 
Quantitatively, however, there was a fairly wide discrepancy between the 
potencies of the vanous preparations for the growth of Leuconostoc cilro- 
vorum and their reputed effectiveness for pernicious anemia patients The 
most active preparation for the orgamsm was a sample of the hver concen- 
trate, reticulogen, which had been treated with hog kidney enzymes for 24 
hours at pH 4 5 m a citrate-phosphate buffer This treatment is effective 
m the release of fohc acid from its conjugate (4) This preparation con- 
tamed 41,900 citrovorum umts per mi (Table II, Sample 1), whereas an 
unhydrolyzed ahquot of the same preparation, reticulogen (Table II, 
Sample 2), contamed 40,000 citrovorum units per ml The hydrolytic 
procedure therefore failed to mcrease the activity of the preparation by 
more than 5 per cent Smce Sample 2 contamed 20 U S P (chmcal) 
units of the antipemicious anemia factor and 40,000 atrovorum umts per 
ml , 1 U S P umt of this preparation contamed 2000 atrovorum umts 
Essentially the same relationship was observed m a second reticulogen 
preparation, Sample 3, and m hver extracts Samples 4 and 5, m which 15 
U S P umts per ml were equivalent to 34,000 and 32,000 atrovorum umts 
respectively (Table II) However, two other preparations from hver con- 
taimng 15 U S P umts per ml (Samples 13 and 7) W'ere found to contam 
only 7880 and 19,200 atrovorum umts per ml The most active preparation 
for the orgamsm m relation to reputed chmcal potency was a crude prepara- 
tion relatively high m solids in w'hich 2 U S P umts corresponded to 20,200 
atrovorum umts (Table II, Sample 6), a ratio of 1 10,100 On the other 
hand, a highly punffed preparation low in solids. Sample 14, which was 
reputed to contain 20 U S P umts per ml , was found to contam only 
6700 atrovorum umts per ml , a ratio of only 1 335 The ratio of clinical 
to microbiological response for all the samples was thus found to vary over 
a 30-fold range This result is suggestive of the expenence of Rickes and 
associates (5) with Lactobaallus lactis Domer, m which the ratios of chmcal 
to microbiological potencies of products contaimng 15 U S P units per ml 
vaned over a 12-fold range 

Smce the extracts consisted largely of crude matenals, several possi- 
bilities are suggested (o) that related compounds were present m prepara- 
tions such as Sample 13 or 14, which were acti\e chmcally but were inactive 
microbiologically, (6) that part of the active pnnciple occurred m a bound 
form not av affable to the microorganism and not released by hog kidnej 
enzjTncs, or (c) that more than one factor is needed by the orgamsm A 
lack of precision m the results of chmcal assays could also hav c been parti} 
responsible for the discrepancies between the two tvqies of biological re- 
sponses Incidental!}, in the assa} of representative liver preparations 
results essentially similar to the values obtamed titnmetncall} were al«o 
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obtained wath turbidimetric measurements aftei 10 to 15 hours In the 
assay of fohc acid for citrovormn umts, however, turbidimetiic assays 
yielded a value of zero, due to the delay m the growth response 

Table III 


Growth of Leuconostoc ctlrovorum SOS! on Medium VI Fortified with Various Substances 


Sample No 

Substance added* 

Citrovorum units 

IS 

Fish solubles (80% ethyl alcohol e\tract) per ml 

179 

19 

“ “ (BuOH-soluble)perml 

137 

20 

“ “ ( “ pH 3) per ml 

132 

21 

“ “ (BuOH-insoluble) perml 

24 

22 

tt ft ^ ft ^ ft ft 

29 

23 

“ “ (BuOH-soluble, pH 10) perml 

16 

24 

II II ^ “ “ 

16 

25 

Yeast extract (Difco) per gm 

4720 

26 

Bacto-peptone “ “ “ 

3240 

27 

Rice-bran concentrate (Vitab) per gm 

625 

28 

Folic acid (at 1 y per ml medium) per mg 

480 


“ “ ("2“ “ “ “ ) “ “ 

1540 

29 

Formyl folic acid (at 4 y per ml medium) per mg 

470 

30 

Milk (pasteurized) per ml 

Very alight 

31 

Thymine (at 10-300 y per ml medium) 

Inactive 

32 

Xanthopterin (at 2-60 y per ml medium) 

ft 

33 

Leucoptenn (“ 2-60 “ “ “ “ ) 

tt 

34 

Yeast extract 

It 

35 

Thymine desoxynboside (atO 4 7 per ml medium) per 
mg 

2720 


* Samples 18 to 24 were obtained from Dr A R Robblee, C A Nichol.Dr W W 
Cravens, and Dr C A Elvehjem of this department The preparation of these 
samples and their activities m chickens have been published (6, 7), or described in a 
thesis entitled “Studies on unidentified chick growth factors,” Dr A R Robblee, 
University of Wisconsin (1948) Sample 29 was obtained from J J Betheil and Dr 
H A Lardy, Sample 31 from H P Broquist and Dr E E Snell, Sample 32 from B 
H Olson and Dr W H Peterson, Sample 33 from Dr A R Robblee, C A Nichol, 
Dr W W Cravens, and Dr C A Elvehjem, Sample 34 (8) from W L Williams and 
Dr E E Snell, and Sample 35 from Dr E E Snell 

Chzcl Factors — ^Robblee and associates (6, 7) have found that a factor 
m certain crude matenals is needed for the optimal growth of chicks fed all 
of the IcnovTi vitamins available m pure crystalline form The active prin- 
ciple IS present in concentrates of fish solubles and m ceitam liver prepara- 
tions, including reticulogen Assays of vanous preparations from fish 
solubles, obtained from Messrs Robblee, Nichol, and Elvehjem of tins 
department, indicated that most of the preparations were only shghtly or 
moderately active for Lexiconostoc citrovorum (Table III) A preparation 
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insoluble m butyl alcohol, Sample 21, which was very active m the chick,* 
contained only 24 ciirovorum umts per ml , on the other hand, Sample 19, 
a fraction soluble in butyl alcohol, contained 137 umts per ml for the 
orgamsm, but was inactive for the chicken * Thus it would appear that 
the factors responsible for the respective responses m the tivo species are 
not identical This is also suggested by the quantitative responses of the 
two species to the hver extracts Samples 5 and 13, respectively, the former 
was inactive in the chick assay,* although it proved to be one of the most 
potent concentrates of the citrovorum factor thus far encountered On the 
other hand, Sample 13, which was very active m the chicken,* was only 
one-fourth as active as Sample 5 for the rmcroorgamsm 

The factor required by Leuconosloc ciirovorum appears to be different 
from the unknown pnnciple required by a special stram of Lactobacillus 
bulgartcus (8) A preparation from yeast* that was very active for the 
latter orgamsm* proved to be inactive for L ciirovorum Furthermore, the 
factor required by L ciirovorum did not appear to comcide with the pnn- 
ciple required for the optimal growth of hyperthyroid rats (9) as indicated 
in prehminary assays Sample 13, which was highly active m the rat,* 
contamed only 7880 ciirovorum umts per ml as contrasted to Preparation 
5, which was relatively inactive m the rat* but contained 32,000 citrovorum 
umts per ml (Table II) 

Crude matenals which stimulated the growth of Leuconosloc citrovorum 
mcluded yeast extract, Bacto-peptone, and a nce-bran concentrate (Vitab), 
while milk contained very shght activity Formyl folic acid* proved some- 
what less active than fohc acid itself, whereas xanthoptenn, leucoptenn, 
and thymine, when added at levels of 2 to 60 y per ml , 2 to 60 y per ml , 
and 10 to 300 y per ml , respectively, were inactive for Leuconosloc citro- 
vorum 

A sample of thymine desoxynboside* stimulated the imtial growth of 
Leuconosloc citrovorum 8081 in concentrations up to 0 6 y per ml , but a 
further increase m the concentration of the nboside up to 2 0 y per ml failed 
to increase turbidity further The maximal turbidity reached in 16 hours 
by the cultures contaimng the nboside was less than one-fourth that reached 
by cultures containing reticulogen An intermediate concentration of the 
thymidine, 0 1 y per ml , stimulated growth equivalent to that obsen^ed 
when 0 01 microhter of reticulogen was present per ml If the latter re- 

* Personal communication with A R Robblce, C A Nichol,W W Cravens, and 
C A Elvehjcm 

* We are indebted to W L Williams and E E Snell for this preparation 

’ Personal communication with W L Williams and E E Snell 

* Personal communication with U D Register W R Ruegamcr, and C A 
Elvehjcm 

» Obtained from J J Bethcil and H A Lard3 
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sponse were due only to thymidine, this would indicate a thymidine content 
of 10 per cent in the solids of reticulogen 

A similai result was obtained when the relative activities weie based on 
the production of acid after 72 hours But whereas inci easing concen- 
trations of leticulogen resulted in marked mci eases m the amounts of acid 
produced, fuither increases m the concentiation of thymidine stimulated 
further acid production only shghtly, vuth the result that the amounts of 
acid produced by cultures contaimng 1 0 t of thymidine per ml corre- 
sponded to an apparent thymidme concentration of 23 per cent m the solids 
of the hvei concentiate Thus, since the response of Leuconostoc airovonmi 
8081 to thjmidme differed qualitatively from that to the liver concentrate, 
it was concluded that some other active agent or agents must have been 
present m the latter preparation 

DISCUSSION 

The fact that a 30-fold vanation was encountered between U S P umts 
of the antipernicious anemia factor and the citrovorum umts found in vanous 
preparations of liver might suggest that theie is no relationship whatever 
between the antipermcious anemia principle and the factor oi factors stim- 
ulating the growth of Leuconostoc citiovonm However, when Lacio- 
bacillus laciis Domer was used as the assay oiganism for products contaimng 
15 U S P umts of the antipermcious anemia factor per ml , the ratios of 
clinical to miciobiological units varied over a 12-fold range (5) Never- 
theless, this oiganism was used successfully as an aid m the isolation of 
vitamin Biz Analyses vutli L ciirovonivi of Samples 4, 5, 7, and 13 (Table 
II), prepaiations contaimng 15 U S P units per ml , indicated tliat the 
ratio of chmcal to citrovorum umts vaned over onlj'’ about a 4-fold range 
Thus it IS possible that L citrovorum may piove to be supeiior to Lacto- 
bacillus laciis Domei as an assay oiganism foi the antipermcious anerma 
factor, although this cannot be determined until the details for the use of 
the lattei organism are revealed In any event, an exact correlation be- 
tween the results of miciobiological methods and those of chmcal assays 
should not be expected, m view of the vanations inherent in chmcal 
responses 

Another reason for suspecting a metabolic connection between Leucon- 
ostoc atrovonim and pernicious anemia patients is the peculiar paitial re- 
sponse of both to high levels of folic acid High levels of this vitamin pio- 
ducc a partial i emission of the symptoms of the disease mthout, however, 
curing all the symptoms benefited by crude concentrates fiom liver (10, 11) 
Similarly, high amounts of folic acid stimulate the growth of Leuconostoc 
citrovorum but m a delayed manner, qualitatively diffeient from that 
obseiwed with the best preparations fiom liver One might, therefore, 
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postulate a similantym structure between folic acid and the natural agents 
active in the organism and the permcious anemia patient Another possi- 
bihty IS that fohc acid is necessary for the synthesis of the unknown prm- 
ciples 


SUMMABT 

1 Leuconostoc cttrovorum 8081 failed to grow on a synthetic medium 
adequate for the growth of Leuconostoc mesentermdes P-60 and other com- 
mon assay orgamsms Growth was rapid in the presence of certam con- 
centrates from hver, peptone, or yeast extract 

2 AJl hver preparations Icnown to be active agamst permcious anemia 
were also active for Leuconostoc atrovorum, but a 30-fold variation vas 
found between preparations in the ratios of microbiological activity to 
reputed climcal potency 

3 The factor reqmred by Leuconostoc atrovorum did not appear to be 
identical mth the factor in fish solubles required by the chick, ivith the 
factor m hver required for the optimal growth of hyperthyroid rats, nor 
with the factor in yeast reqmred by a strain of Lactobaallus hulgancus 

4 High amounts of folic acid stimulated maximal acid production by 
Leuconostoc atrovorum, provided the culture was incubated for 72 hours 
Quahtativeljq however, the growth of the orgamsm was much slower in 
the presence of high amounts of folic acid than when small amounts of hver 
preparations were present in the medium 
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CORRECTIONS OF PUBLISHED ELECTROPHORETIC 
MOBILITIES OF ADRENOCORTICOTROPIC AND 
PARATHYROID HORMONES 

By ALFRED E WILHELAH and GEORGE SAIEKS 

{From the Department of Physiological Chemistry, Yale University, New Haven, 
and the Department of Pharmacology, University of Utah 
School of Medicine, Salt Lai e City) 

(Received for pubhcatioo, July 8, 194S) 

A recent check-up of the electrophoresis apparatus in use at the Labora- 
tory of Physiological Chemistiy at Yale has revealed that the miUiaimneter 
of the power supply is shunted, so that the actual current dehvered by the 
power supply is 3 4 times the current indicated on the meter Since the 
direct milhammeter readings were used in the calculations of electrophoretic 
mobilities of the adrenocorticotropic hormone, published by Sayers, White, 
and Long (1), and of the components of the parathyroid hormone prepara- 
tion desenbed by L’Heureux, Tepperman, and Whlhelmi (2), the values 
obtained were all too high by a factor of 3 4 Tlie corrected values are 
bnefly summanzed as follows 

For adrenocorticotropic hormone (1) 

Acetate buffer, ionic strength 0 1, pH 3 26 = +7 1 X 10"* cm ’ voIt~‘ sec 

" “ “ '< 0 13, “ 4 13 = +2 5 X 10"® " “ “ 

Phosphate" “ “ 0 2, “ 6 37 = -7 1 X 10"' “ “ 

“ " “ " 0 2, " 7 95 = -8 3 X 10-‘ “ " “ 

For parathyroid hormone (2), m acetate buffer, ionic strength 0 1, pH 
3 50, fast component = -hS 8 X 10~® cm • volt"* sec slow component = 
-4-6 8 X 10-® cm - volt-' sec 

If one makes allowance for the differences in lomc strengths of the buffers 
used by the two groups of investigators, the corrected values for the electro- 
phoretic mobilites of adrenocorticotropic hormone reported by Saj^ers cl al 
are now m substantial agreement with those reported by Li, Eians, and 
Simpson (3) 

The authors apologize for their lack of complete understanding ot their 
instrument Tliey hope that the foregoing corrections may help to ii oid 
misunderstanding and confusion 


SXnilMART 

The values for the electrophoretic mobilities of the adrenocorticotropic 
hormone published by Sayers ct al and for those of a parathjToid hormone 
preparation published by L’HeureuA cl al have been found to be too large 
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by a factor of 3 4 When this correction is applied to the mobilities of the 
adrenocoiticotiopic hormone, the new values aie seen to be m substantial 
agreement with those reported for this hormone by Li, Evans, and Simpson 
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PRBPAHATION AND SOME PROPERTIES OF HYALURONIC 
ACID FROM miBILICAL CORD OF THE PIG* 

bt archie E FOLLETTt 

(From the Worcester Foundation for Experimental Biology, Shrewsbury, 
Massachusetts) 

(Recei\ed for publication, June 12, 19-18) 

Witkm tbe last 13 years hyaluronic acid has been isolated from a vanety 
of sources (1) umbdical cord, vitreous humor, synovial fluid, tumors, and 
hemolytic streptococci These mucopolysacchandes all have essentially 
the same chemical composition, equimolecular portions of acetylglu- 
cosamme and glucuronic acid, but vary greatly m viscosity Hyaluronic 
acid was first isolated by Meyer and Palmer (2) m 1934 from bovme 
vitreous humor Human umbihcal cord was shotsm by them (3) to be a 
nch source of hyaluronic acid Recently Hadidian and Pine (4) have pre- 
pared from this same source a product more viscous than any hitherto 
obtamed However, the unbihcal cord of no species other than the human 
has yet been investigated as a source of hyaluronic acid It is as the purpose 
of this work to investigate pig umbihcal cord as a source and examine the 
properties of the hyaluronic acid denved 

EXPBRIMEKTAIi 

Fraciionalion — ^Fresh frozen pig umbihcal cords vere used as the startmg 
matenal in this work In previous work, human umbihcal cords vere 
stored m acetone 1 to 6 weeks before processing In tins v ork, the effect 
of this acetone storage on the extraction procedures v.as studied by extract- 
mg a portion of fresh frozen pig umbihcal cords as received, nhile a second 
portion was set aside m acetone for 6 weeks before the extraction of hyal- 
uromc acid The method of extractmg hyaluronic acid w as essentiallj' the 
fractionation technique descnbed by Hadidian and Pine (4) The um- 
bilical cords were cut up and extracted wnth water and the residue was 
ground and extracted with 0 1 m sodium chlonde At this pomt in the pro- 
cedure an mnovation was introduced, the residue from the sodium chlonde 
treatment w as extracted with boiling w ater The residue w as suspended in 
0 01 M hydrochlonc acid (the pH readjusted to 2 when neccssaiy) and 

* This inicstigation was aided b> a grant from the L Farber Companj of Vi orccs 
ter, Massachusetts Pig umbilical cords were obtained through the courtesi of 
G D Scarlc and Companj , Chicago, Illinois 

t Present address, Research Department, Phillips Petroleum Companj, Phillips, 
Texas 
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digested at 37° Yith pepsin, follo^^ed b 3 ’- tiypsm at pll 7 0 Ilj^aluionic 
acid Yas piecipitated fiom the lespectne fluids m the following luannei 
Hj^di ochloric acid iias added and formed a “mucin clot” iiliich A\as le- 
moved, I 3 ^ olumes of ethanol I’leie added to the acid fluid and the piecipi- 
tate removed, solid ammonium sulfate vas added to the alcoholic supei- 
natant fluid with vigorous mechanical agitation, and on standing the system 
separated into tvo layers vith hyaluronic acid appearing at the interface 
A precipitate was not alwaj’^s obtamed at each step m the pioceduie 

In this manner, both the fresh frozen pig umbilical cords and the acetone- 
stored cords were extracted For purposes of compaiison, human um- 
bilical cords (acetone-stored) were extracted according to the above pro- 
cedure Supplementary work was done with pig cords bj’' gnndmg fresh 
frozen material, and the entire mass incubated wth pepsin at 37°, followed 
by trypsin This digested fluid was put through the acid-alcohol-am- 
monium sulfate fractionation 

Punficatton — ^The mucin clots were partially fractionated by precipi- 
tation with alcoholic potassium acetate from alkaline solution, as m 
McClean’s (5) procedure, or mcubation with pepsin and trypsm, the diges- 
tion piocedure being more satisfactory usually 

Several of the preparations referred to in Table I were made by removing 
the protem by shaking ivith a mixture of 1 part chloroform and 2 parts amyl 
alcohol (volume per volume) accordmg to the Sevag technique ( 6 ) The 
hyaluronic acid was precipitated from acid solution by volumes of 
ethanol, then suspended in a smaller volume of water and dialyzed 

Chemical Analyses — The nitrogen content was determined by the micro- 
Kjeldahl procedure The acetyl content was measuied by hydrolyzing a 
1 ml sample in 2 5 N H 2 SO 4 at 100° for 75 minutes, steam-distilhng m the 
apparatus described by Markham (7), and titrating the distillate with n/75 
NaOH The glucosamme determinations were made by the method of Elson 
and Morgan ( 8 ) on material that had been hydrolyzed for 6 to 8 hours in 5 
N HCl at 100° and then evaporated to dryness m a vacuum desiccator over 
a moistened caustic All of these analyses were made on aliquots of 
dialyzed solutions whose concentration had been determined by drying at 
100° for 2 hours and cooled in a desiccator The values refer to the free 
acid and not to a salt 

Viscosity Measurements — ^Viscosity measurements weie made in an 
Ostwald viscosimeter with a capillary 9 cm long and having a flow time of 
about 30 seconds for 4 ml of distilled water This volume was used in all 
the expenments reported, and all the measurements were made at 25° 
The standard salt concentrations used throughout were 0 05 m NaCl and 
0 05 M phosphate buffer at pH 7 0 This concentration of salt and buffer 
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Table I 


Analyses of Mucopolysaccharides Isolated from Umbilical Cord 


Extraction 

1 

Sample i 
No 

Treatment 

Nitro 

gen 

! 

GIucos 1 
amine I 

Acetyl 

Relative 

viscos 

ity 

Half 

tune 


A Pig (fresh frozen) 





per cent 

Per cent 

per cent 

B 

0 1m NaCl 

1 

Interfacial 

12 1 



B 

Hot ivater 

2 

<1 

5 8 



iii 

Pepsin trypsin 

3 

Portion,! 33 vols ethanol 

5 5 

20 0 

6 6 

1 04 

digest 







K a 

4 

Bulk, 1 33 vols ethanol 

6 3 


7 9 

1 06 

tt u 

5 

Samples 3 and 4 combined , 

3 5 

31 4 

7 7 

1 OS 



Sevag purification 





Mucin clots 

6 

Alcoholic potassium ace- 

3 7 

23 4 

6 6 

1 03 



tate purification 





II II 

B 

Sample 6, Sevag punfica- 

3 1 

34 6 

7 9 

1 03 


B 

tion 






Yield gross, 13 2%, corrected to 3 6% N, S 4% 


B Pig (fresh frozen, acetone stored) 


0 1 M NaCl 

10 

Mucin clot, alcoholic CHi- 

i 6 5 



1 03 




COOK purification 






01“ “ 

11 

1 33 vols ethanol 

5 2 

31 5 

8 1 

1 31 

760 

01“ “ 

1 12 

Sample 11, Sevag punfi- 

3 2 

37 9 

1 10 2 

1 38 

482 



cation 



i 



0 1“ “ 

13 

Interfacial 

9 6 





Hot water 

14 

“ digested, 1 33 

3 5 

34 9 

8 5 

1 15 

920 



vols ethanol 






Pepsin-trypsin 

15 

Mucin clot 

10 6 





digest 








(€ U 

16 

1 33 vols ethanol 

5 4 

34 1 

i 6 6 

1 07 


<t II 

17 

Sample 16, Sevag punfi- 

3 2 

31 3 

9 0 

1 OS 




cation 

1 




1 

i 



Y leld gross, 5 3% , corrected to 3 6% N , 3 3 % 


C Pig (fresh frozen) 


Pepsin trypsin 
digest 

20 

1 33 vols ethanol 

5 6 

30 6 

I 8 1 j 

1 17 


41 II 

21 

Sample 20, Sevag punfica 
tion 

3 G 

29 0 

■ 

1 15 

957 


Yield gross, 10 0%, corrected to 3 6% N, C 6% 
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Table I — Concluded 










Extraction 

1 

Sample 

No 

Treatment 

Nitro 

gen 

Glucos 

amine 

j Acetyl 

Relative 

viscos- 

ity 



D Human (acetone-stored) 





' fer cent 

^er cent 

fer cent 



sec 

Initial water 

30 

Interfacial 

3 

2 






0 1m NaCI 

31 

1 €t 

3 

3 

30 8 

10 2 

1 

53 

285 

01“ “ 

32 

Sample 31, Sevag purifica- 

3 

0 

41 8 

11 4 

1 

49 

206 



tion 








Hot water 

33 

Interfacial 

14 

8 



1 

02 


Initial water 

34 

1 33 vols ethanol 

5 

0 



1 

59 


II If 

1 35 

Sample 34, Sevag purifica- 

3 

4 

43 0 

8 6 

1 

51 

293 



tion 








Initial water, 

36 

Mucin clots digested, HClj 

2 

6 

11 2 

5 0 

1 

03 


0 1m NaGl, 
hot water 

combined 

1 

ppt ! 

1 




i 

; 1 
1 


1 


U tt 

37 

Mucin clots digested, 1 33 

4 

0 

35 8 

77 

1 

23 

1244 



vols ethanol 




1 




a <( 

1 

38 

Sample 37, Sevag purifica- 

3 

4 

34 4 

9 2 

1 

20 

735 


1 

tion 






1 


0 1 MNaCl, hot 

39 

1 33 vols ethanol 

3 

1 


1 

1 

93 


water com- 
bined 









1 

it U 

40 

Sample 39, Sevag purifica- 

2 

8 

41 7 

11 2 

1 

87 

146 



tion 









Yield gross, 4 9%, corrected to 3 6% N, 4 4% 


was used, since it was the one found by Hadidian and Pine (9) to give 
optimum results The term ‘‘relative viscosity” refers to the ratio of flow 
time of the test solution to the flow time of a solution vath the same salt 
concentration For measurmg the lelative viscosity of hyaluronic acid 
preparations a standard concentration of 0 3 gm per litei was adopted 
The rate at which hyaluronic acid preparations lost viscosity vuth bull 
testis hyaluromdase was measured by incubation at 25° with the enzyme m 
th^ standard ionic environment The time required for the viscosity to 
fall half way fiom the mitial to the presumed final value was taken as a 
measure of the rate of enzyme action Half time measurements are 
customary m studies of this enzyme Partially purified bull testis enzyme 
(Schermg) was used m all of these experiments at a concentration of 50 y 
m 4 ml of test solution 

Preparation of Inhibitors 

Nitration — few hyaluronic acid preparations were nitrated to test their 
inhibition of hyaluromdase hydrolysis of hyaluromc acid The mtration 
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procedure used was that descnbed by Hadidian and Pme (9) Both the 
acid-insoluble and the acid-soluble portions were tested for their inhibitory 
effect at a concentration of 0 03 gm per hter The nitrogen content was- 
detenmned by the micro-Kjeldahl method modified to mclude the mtrogen 
of nitrates 

Acetylation — ^Preparations from pig cord were acetylated to study their 
inhibitory effect on the hyaluronidase-hyaluromc acid system The 
acetylation procedures used were the two described by Hadidian and 
Pine (9) In the suhunc acid method acetylation was allowed to proceed 
for 30 to 45 mmutes at 27° Acetylation was continued for 2 hours at 20° 
with the pyndme method The acetyl content was detenmned by the 
method used above for hyaluronic acid preparations and mcluded both 
0-acetyl and N-acetyl 

Results 

Umbilical Cord — Pig umbihcal cord proved to be a nch source of hyal- 
uromc acid, nearly as nch as human cord The yield of hyaluromc acid 
obtained from acetone-stored matenal was 3 3 per cent of the dry weight of 
the pig cord as compared with 4 4 per cent for human cord (these values 
corrected to 3 6 per cent nitrogen) 

The most stnkmg difference observed (Table I) for the senes of pig cord 
preparations w'as m the relative viscosity, all fresh pig cord preparations 
were very low in viscosity, whereas one product m particular from defatted 
pig cord (Sample 12) with a relative viscosity of 2 3, calculated to a con- 
centration of 1 gm per hter, compared very favorably with the better 
preparations from vanous sources reported by other mvestigators A 
compilation of these has been made by Hadidian and Pine (4) The values 
for the chemical constituents of preparations from fresh frozen cords were 
lower than those from defatted cords It was also noted that for pig cord 
in general the viscous preparations contained 8 5 to 10 2 per cent acetyl, 
but preparations made by enzymic digestion of residues had lower acetyl 
contents, as low as 6 5 per cent There was a comparable deficiency in the 
glucosamine content Viscous products contamed 35 to 38 per cent, 
w’hereas the non-viscous had less than 35 per cent The nitrogen ^ alues 
w ere in the range of 3 1 to 3 5 per cent ' 

The fresh frozen pig cords which were ground and subjected to pepsin- 
trypsin digestion without pnor treatment produced the highest yield of 
hyaluronic acid Smcc no fractionation was in\olvcd in this procedure, 
tlie relative nscosity and acetyl and glucosammc ^ alues were midwaj 
between those for the mscous and non-viscous preparations obtained prcri- 
ously This was, of necessity, anticipated, as this preparation represented 
the average of the heterogeneous hyaluronic acid fractions present .Vs has 



182 


HYALUHONIC ACID IN UMBILICAL CORD 


been observed m previous work precipitating hyaluronic acid, the pepsm- 
trj'psin digestion solution yielded no mucin clot vith concentrated HCl and 
no interfacial material separated, but the precipitate was obtamed nith 
alcohol This crude matenal was not excessively contaminated vith 
protem, the nitrogen content was 5 6 per cent which dropped to 3 6 per cent 
on purification by the Sevag technique followed by dialysis The half tune 
of 957 seconds for Sample 21 was about what would be expected from a 
preparation having a relative viscosity of 1 15 
Inhibitors — ^Three pig cord products, Samples 5, 12, 21, vere nitrated, 
both the acid-insoluble and the acid-soluble fractions were tested for their 
inhibitmg effect on the hyaluronidase-hyaluronic acid system Sample 5 
was non-viscous, Sample 12 the most viscous pig product, and Sample 21 

Table II 

Inhibitors, Nitrated and Acetylatcd 

In these experiments the inhibitor was measured at a final concentration of 0 03 
gm per liter The half time nas found in the usual manner, and the amount of 
inhibition given in the right-hand column was derived by dividing the half time found 
in the presence of the inhibitor by that found m the control experiment vith the 
enzyme and substrate alone 


Description of inhibitor 

Inhibition 

Sample 5 Nitrated, acid-insoluble ^ 

2 1 

" 12 " “ 

1 6 

Samples 5, 12 Nitrated separately, acid-soluble fractions com- i 


bined 

4 8 

Sample 21 Nitrated, acid-inaoluble, 5 9% N j 

1 5 

“ 21 “ acid-soluble, 4 7% N 

2 1 

“ 21 Acetylatcd, sulfuric acid method, 18 2% acetyl 

1 3 

“ 21 “ pyridine method, 18 4% acetyl | 

1 2 


mtermediate The acid-soluble fractions of Samples 5 and 12 were com- 
bmed before measunng their inhibition This vas done because of the 
similarity m the inhibition given by their acid-insoluble products The 
values obtained for all of the inhibitors with a brief description of the 
derivation of each are given in Table II The acid-soluble products were 
found to be better mhibitors than the acid-insoluble fractions Of these 
nitrated products, the one denved from the non-viscous preparation gave 
the greatest inhibition Nitrogen analyses (modified micro-Kjeldahl) 
made on the nitrated products from Sample 21 mdicated that the acid- 
insoluble material was nitrated to the extent of one — NO 2 group, and the 
acid-soluble one-half an — NO 2 group The inhibition found for these 
nitrated pig cord preparations was of about the same order of magnitude as 
that reported by Hadidian and Pine (9) for their mhibitors made from 
human cord products 
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One hyaluronic acid preparation from pig cord Mas acetjdated by both 
the sulfunc acid catalyst method and the pyndme method, bj’’ each method 
the resultmg product contamed about 18 per cent acetjd Acetjdated 
products M ere found to be poorer inhibitors than the nitrated acid-soluble 
products 


DISCUSSION 

Hyaluronic acid can be extracted from pig cord and punfied bj"^ the same 
methods that have been used for human umbilical cord The products pre- 
pared from pig cord contamed practicallj’' the same proportion of nitrogen, 
acetyl, and glucosamme as preparations from human cord The geneial 
trend m the physical and chemical properties noted by Hadidian and Pine 
(4) for human cord preparations m as found here to be the same for pig cord , 
z e , mucin clots had the Iom est viscosity m ith matenal from pepsm-trj'psm- 
digested extracts intermediate betueen those and the \ iscous products, and 
the non-viscous preparations contamed less than the theoretical percentage 
of both acetyl and glucosamme Preparations of hj^aluronic acid from pig 
cord M ere hydrolyzed by the enzjmie hjmluronidase (testis) Nitrated and 
acetylated pig preparations m ere found to mliibit the hj^aluronidase-hj al- 
uronic acid system to the same extent as inhibitors made from human cord 
In comparmg the phj’’sical and chemical properties of hjaluronic acid 
preparations from pig umbihcal cord inth those from liuman cord, the most 
obvious difference was found m the relative nscosity, the human cord 
products Mere appreciably more nscous HoMcier, the half time of 
products from both sources Mas foimd to be mierselj’’ proportional to the 
relative i iscosity The acetjd and glucosamme content of human prepa- 
rations ranged, m general, higher than in pig preparations These differ- 
ences m properties observ'ed may be attributable to a species difference 
The quality of pig cord preparations extracted Mas enhanced bj acetone 
storage prior to processmg for hjaluronic acid Apparentlj a protein de- 
naturation process Mas miolved mIiicIi decreased the solubihtj of the 
proteins since the crude products from the fresh frozen pig cords m ere con- 
taminated Mith protein to a far greater extent than those from the defatted 
pig cords The innoiation of addmg a boiling Mater treatment to the 
residue from the 0 1m NaCl extr iction m the procedure m as of no particular 
efficacy A substantial amount of protein Mas extracted bj boiling Mater 
along Math a small amount of lijaluronic acid 

SUMM \m 

Pig umbilical cord Mas found to be ncarlj as nch a source of In aluronic 
j acid as human umbilical cord The products denied from pig cord ton- 
) tamed approximate^ the same proportion of nitrogen, icetjl, and glu- 
cosamme as human cord products and Mere also hjdrohzed bi the enziane 
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hyaluiomdase Hyaluronic acid piepaiations from pig cord were nitrated 
and acetylated m the same manner, and inhibited the hyaluronidase- 
hyalui onic acid system to about the same extent as similar inhibitors made 
from human coid preparations In comparing the hyaluronic acid prepa- 
lations from pig umbilical cord ^vlth those fiom human cord, the essential 
difference was m the relative viscosity The pig coid products were 
appieciably less viscous 

Acetone stoiage of pig cords piior to piocessmg enhanced the quality of 
the hyaluronic acid obtained and simplified the extraction and purification 
piocediues, although the introduction of a boiling watei tieatment into the 
extraction proceduie offeied no particular advantage 

BIBLIOGRAPHY 

1 Meyer, K , Physiol Rev , 27, 335 (1947) 

2 Mej er, K , and Palmer, J W , J Biol Client , 107, 629 (1934) 

3 Me} er, K , and Palmer, J W , / Biol Chem , 114, 689 ^936) 

4 Hadidian, Z , and Pine, N W , Biochem J , 42, 260 (1948) 

5 McClean, D , Bjoehem J , 37, 169 (1943) 

6 Sevag, M G , Biochem Z , 273, 419 (1934) 

7 Markham, R , Biochem J , 36, 790 (1942) 

8 Elson, L A , and Morgan, W T J , Biochem I , 27, 1824 (1933) 

9 Hadidian, Z , and Pine, N W , Biochem J , 42, 266 (1948) 



CHEMISTRY OF THE CHICK EMBRYO 
VI ACCUMULATION OF DIPHOSPHOPYRIDINE NUCLEOTIDE* 

Br MILTON LEVY and NELSON F YOUNGt 

{From the Deparlmenl of Chemislry, New Yorl University College of Medicine, 

New Yorl ) 

(Received for publication, June 22, 1948) 

Despite voluminous literature descnbmg the chemical changes ivhich 
accompany development of the chick embryo, there are few quantitative 
data on the occurrence of respiratory and glycolytic enzymes and co- 
enzymes Smce these catalysts are concerned with reactions which may be 
available for the processes of growth and differentiation, more knowledge 
of their activities dunng the incubation period is desirable 

The functional existence, in early chick embryos, of DPN and of a gly- 
colytic system requirmg DPN (diphosphopyndme nucleotide, coenzyme I) 
has been demed by Needham and Lehmann (10) However, Meyerhof 
and Perdigan (8) Avere able to demonstrate phosphorylative gljcolysis and 
DPN activity m 4 to 9 day chick embrj’os Novikoff, Potter, and LePage 
(11) extended these observ ations to the estimation of the amounts of typical 
intermediates m 3 to 10 day embryos, the demonstration of phosphoryla- 
tive glycolysis m extracts, and the existence of significant quantities of 
DPN in extracts None of the data is sufficiently extensive for the evalua- 
tion of the accumulation rate of DPN m the developing chick The present 
report presents the results of the estimation of DPN in about 250 chick em- 
bryos ranging m age from 2 to 19 days 

KXPERIMENTAL 

Test System — ^The method of MjTback (9) was selected as the most suit- 
able for this study Dned brewers’ yeast, after being washed with water, 
m the presence of hexose diphosphate, glucose, manganese, and phosphate 
ions produces carbon dioxide only if DPN is also present The rate of 
carbon dioxide production is strictly proportional to the DPN concentra- 
tion o\ er a considerable range This method is both specific and sensitn e 
and the rate of reaction is comemently followed in standard Barcroft- 
"Warburg respirometers The test 53 stem adopted for use m the present 
work was as follows 300 mg of apoz3Tnase (washed 3 east preparation), 
0 3 cc of 10 per eent sodium hexose diphosphate , 0 2 cc of 20 per cent glu- 
cose, 0 1 cc of 10 per cent MnClj GH-O, 1 0 cc of 0 10 M phosphate, pH 

* Aided bj a grant from the Ella Sachs Plots Foundation 

t Present address, SIoan-Kcttcnng Institute for Cancer Research, New Fork 
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6 5, 0 9 cc of DPN solution m 0 1 m phosphate, pH 6 5, gas phase, air, 
tempeiatuie, 30°, fluid volume, 3 0 cc 

The apozymase was piepaied fiom “2040” diied breweis’ yeast (Fleisch- 
mann) by the method of Kenslei, Dexter, and Rhoads (4) Drying was 
effected by vacuum distillation of the watei fiom the shell-frozen yeast 
suspension The diied apozymase ivas found to be stable for several 
months if kept dzy and cold 

Hexose diphosphate was prepared by the method outlined by Robinson 
and Moigan (13) 

DPN was piepaied by the method of Williamson and Gieen (15) Our 
piepaiation was compaied in the test system inth two samples of DPN 
obtained fiom different souices and of dilfeient but loiovm puiities The 
puiity of oui sample as indicated by these expeiiments was 80 per cent 
Both pentose deteiminations (7) and phosphorus deteiminations (1) weie 
consistent uith 81 pei cent purity Allowance was made for 80 per cent 
puiity m the calculations 

Undei the conditions of oui expeiiments the extia caibon dioxide pro- 
duced pel houi was piopoitional to the DPN added in the range of 0 to 
15 7 All deteiminations ueie done in this lange Our apoz)Tnase and 
DPN gave 65 per cent of the carbon dioxide pioduction late observed by 
Meyeihof and Peidigan (8) pei miciogram of DPN It lemamed un- 
changed thioughout the expeiimental peiiod 

Emhujological Malenal — Feitile eggs, from Rhode Island led hens, col- 
lected m tiap nests and leceived in 2 dozen lots within 48 houis of laying 
weie incubated in a commeicial incubatoi at 38 5° and 50 to 60 pei cent 
lelative humidity The eggs weie lotated twice daily and removed foi 
analysis in gioups of foui 

Pi epai ation of Tissues — The giinding of animal tissues hbezates a heat- 
labile system which rapidly destioys DPN In minces of chick embiyo 
tissues this inactivation (8) proceeds lapidly even at temperatures just 
above fieezmg Since the enzyme system responsible foi this inactivation 
IS destioj'^ed by heating at 80° (3), the following procedure foi leducing the 
embiyos to a homogeneous suspension was adopted The embiyos were 
lemoved fiom the egg and fieed fiom extiaembryonic membianes Aftei 
supeificial diying and accuiate weighing, the smallei embiyos (3 to 1000 
mg ) Aveie diopped uhole into 20 volumes of 0 1 M phosphate buffei, pH 
6 5, and heated foi 5 minutes at 80° They weie then cooled lapidly m a 
cold uatei bath and giound m a glass homogenize! as desciibed by Pottei 
and Elvehjem (12) The large embiyos were diopped into 20 volumes of 
buffer pieviously heated to 80-90° aftei then weights had been obtained 
They iveie then cut into small pieces with scissozs while in the hot solution 
This mixture was maintained at 80° for 5 minutes After rapid cooling it 
was homogenized as desciibed above or in a Waring blendoi if the bones 
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Tabie I 


Recovery Experiments and COi Produchon with Varying Amounts of Tissue 


DPN added, y 

0 

! 75 

0 

1 

5* 


0 

Tissue added, mg 

0 

0 

34 

34 


102 

CO, production per hr , c mm 
Net CO2 production per hr , 

137 

424 

377 

567 

I 


857 

c mm 


287 

240 

430 

523 

720 

DPN found, y 



6 3 

11 2 

13 7 

18 8 

Calculated, 7 




11 3 

13 8 

j IS 9 

Recovery, % 


i 

i 


99 

j 99 

99 


* Incubated 0 5 hour uith heat-inactivated tissue 


Table II 


Accumulation of DPN in Chid Embryos 


iNO ot embiyos m group 

j Average weight 

14 

mg 

3 06 

12 

11 4 

8 

18 9 

8 

28 5 

7 

74 5 

12 

122 0 

10 

204 3 

10 

292 

10 

548 

10 

GSO 

10 

886 

10 

1,041 

9 

1,229 

10 

1,386 

10 

1,803 

10 

2,200 

10 

2,896 

10 

3,526 

10 

4,514 

10 

6,409 

10 

9,092 

10 

11,350 

10 

12,970 

10 1 

15,580 

10 

21,200 

10 

27,100 


Average age calculated 

Avttast DPN 

days 

7 piT JIB mtsieighl 

2 06 

130 

2 62 

140 

2 86 

133 

3 10 

144 

3 65 

109 

4 06 

111 

4 86 

105 

5 37 

122 

6 40 

133 

6 78 

140 

7 29 

148 

7 64 

162 

8 00 

151 

8 26 

144 

8 89 

132 

9 40 

121 

10 14 

137 

10 72 

142 

11 46 

148 

12 65 

158 

13 93 

171 

14 79 

177 

15 35 

192 

16 IS 

166 

17 58 

155 

18 84 

125 


were so large as to interfere iMtli adequate grinding in the glass liomogeni- 
, zers For anahsis 0 9 cc portions of those 4 S per cent suspensions ucro 
pipetted into the Warburg a cssels for DPX estimation 
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Results 

Table I demonstrates the almost complete recovery of DPN added to 
10 day-old embryo tissue (heated as above) and incubated with it for half 
an houi at 37° 

It will be noted that the control vessel to which no DPN was added also 
pioduced some carbon dioxide This was apparently due to residual DPN 
01 othei factors in the yeast and was subtracted as a blanic from each detei- 
mination With each set of four determinations, the blanic carbon dioxide 
production and the CO2 pei hour per microgram of DPN were determined 

Determinations of DPN were made on a total of 252 embryos In all 
but the veiy eaily ages the estimations were made on individuals The 
embiyos weie arranged in a senes accoiding to weight and averaged in 
groups of about ten, both as to the DPN content and to the age as calcu- 
lated fiom the average weight The rationale of using a calculated age is 
discussed by Levy and Pahner (5) 

Table II summaiizes this data showing the lelationship bet\veen DPN 
concentiation and calculated age 

DISCUSSION 

Needliam and Lelimann (10) leported that they weie unable to demon- 
strate the piesence of DPN in embryonic cluck tissue On the basis of this 
finding and fiom other considerations, they proposed that glycolysis in 
cluck embiyo tissue does not proceed byway of the usual glycolytic system 
as found in adult mammalian tissue From the present study, it is appar- 
ent that although DPN is present m low concentration as compared to 
mammalian tissue, it is by no means absent Our values aie in the range 
lepoited by Meyerhof and Perdigan (8) (1 5 to 3 0 mg per gm of dry 
weight, equivalent to 120 to 240 7 per gm of wet weight) and 3 to 6 tunes 
those reported by Novikoff, Potter, and LePage (11) (4 to 6 7 pei 100 gm , 
equivalent to about 35 7 per gm of wet weight) The agieement between 
the data of Mejmihof and Peidigan (8) and ouis is not surprismg, since 
the methods used were not significantly different On the other hand, 
Novikoff, Potter, and LePage (11) used malic dehydrogenase as the test 
system Howevei, the system was also cahbiated with DPN and since 
both methods are comparative this could not account for the 3- to 6- 
fold difference m the values found It seems most likely that the prepara- 
tion of the samples for analysis is accountable The lower values were 
obtained by a method which depends on freezing and cold to prevent enzy- 
matic destruction of DPN It seems probable that m the pieparation 01 
test period, or both, some DPN was destroyed by the surviving enzyme in 
the tissue extracts 
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Fig 1 Nicotinic acid per egg and DPN per embryo during growth \/ nicotinic 
acid per egg (14), X nicotinic acid per egg (2), • nicotinic acid equivalent to theDPN 
per embryo in Table II 



Pig 2 Rclatn c accumulation diagram of chick cmbrj o DPN .U is the age in 
daj s calculated from the n eight Each straight line segment (phase) conforms to the 
equation log (?/It = (tg — jjr) + (eg — air) log Ae The dashed portions are at 
intcrphascs and arc less certain The \ alues of :g and og for DPN arc given in Table 
III as the phase parameters 
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It IS of mteiest to compaie the amount of nicotinic acid bound as DPN 
in the embijm vith the quantity of nicotinic acid in the whole egg con- 
tents The data of Handlei and Dann (2) and of Snell and Quailes (14) 
both indicate an active synthesis of nicotinic acid by the embiyo Fig 1 
shows the total nicotinic acid in the egg as deteimined by these woikeis 
Also shown is the nicotinic acid equivalent to the DPN found in the piesent 
study Although the bleed of chick is diffeient in each cuive, the compari- 
son shows that in the latei stages of development a laige pait of the total 
nicotinic acid is to be found in the DPN The data suggest that the 
amount of nicotinic acid sjmthesized by the cluck is limited chiefly to the 
lequiiement foi the foimatioii of this coenzj’^me Since this substance is 
pait of the functional stiuctuie of the cluck (lathei than a stoied material), 
it seems unlikely that the availability of moic nicotinic acid oi its piecui- 
sors would have an}’’ effect on the amount of DPN foimed dining develop- 


Tabll III 

Phase Paramclcrs for Accnvndalion of DPN in ChicL Embryo 
Log micrograms of DPN = to 4- oq log age m days See Fig 2 


Interphnscs, rfoji (2 0)* 3 5 


7 6 9 


16 ( 19 )* 


Oq 

5 29 

5 21 

4 34 

JQ 

-2 02 

-2 08 

-1 58 


1 78 4 36 1 70 

0 62 -1 64 0 37 


* The figures lu parentlieses indicate the beginning or end of tlie period of data 


ment We theiefoie cannot conclude that the amount of DPN formed ie 
limited by the chick’s ability to s}mthesize nicotinic acid 
Fig 2 is a “lelative accumulation diagiam” (5) on which the logaiithms 
of DPN concentiations in nuciogiams pei gm of wet n eight of embryo aie 
plotted against the logaiithms of the coiiespondmg ages in days We 
hai e found such plots useful m demonstiating the peiiods of appaient legii- 
laiity of gionth implicit m a lineai lelationship between the oidinates of 
logarithms of amount of material (in this case DPN) and logaiithms of age 
These peiiods of legulaiity (phases) aie teiminated at times (inteiphase 
times) when an abrupt adjustment of constants is necessaiy to desciibe the 
data Si\ phases sepaiated by five intei phases aie evident in Fig 2 
Fiom the slopes and intercepts of the phase lines and the appiopiiate 
weight-age lelationships (5) the “phase” paiameteis of Table III weie 
obtained It is noted that the inteiphase at 4 5 days has been found in all 
the accumulation data so fai obtained, that 7 6 days is an inteiphase in 
cytochiome oxidase accumulation (7 9 days) (6), that 3 5 and 9 6 days aie 
intei phases m dipeptidase accumulation (3 6 and 9 6 days), and that 16 
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days IS an interphase m nitrogen accumulation (5) The interpretation of 
these coincidences remams for the future 

SUMMARY 

1 The diphosphopyndine nucleotide contents of chick embryos have 
been estimated from 2 to 19 days mcubation 

2 The data indicate that the coenzyme is present m the earliest embryos 
and contains most of the nicotmic acid of the egg in older embryos 

3 The accumulation of the coenzyme follows the pattern of periods of 
constant multiplication rate in logarithmic time units previousl 5 '^ shown to 
hold for other materials 
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Experimental evidence presented in earber reports failed to support the 
thesis that phosphohpides are instrumental m the transport of fatty acids 
between organs (1) Another opportunity for exammmg this question pre- 
sented itself m connection with the hpotropic action of chohne, which has 
been attnbuted to a stimulation m the metabolism of phosphohpides such 
as to mcrease the transport of fatty acids out of the hver (2) 

The observations of Entenman et al on dogs mjected with P“ demon- 
strated that chohne mcreases the specific activity of the chohne-contammg 
phosphohpide P of plasma and of liver (3) Such mcreases m hver and 
plasma could either result from an mcrease m the turnover of the phospho- 
hpides per se or merely reflect an mcrease m the specific activity of their 
precursors unassociated with an actual mcrease m turnover of these phos- 
phohpides To differentiate between these two possibihties, it became nec- 
essary to calculate the turnover rates of hver and plasma phosphohpides 
This has been attempted m the present mvestigation 
To calculate the turnover of a compoimd, one has to know the specific 
activity-time relations of that compound and of its immediate precursor (4) 
This measurement can be made for plasma lecithm and for plasma sphmgo- 
myehn because it has been shown by Fishier el al that the immediate pre- 
cursors of these plasma phosphohpides are their corresponding hver 
phosphohpides (5) 

So far as the liver phosphohpides are concerned, hovever, their precursors 
have not been established v ith certamty, and hence the determmation of 
the turnover rates of hi or phosphohpides is rendered difficult if not 
impossible 

Se\ eral investigators ((5-S) have attempted to identify the phosphorus- 
containing precursors of hver phosphohpides Thus Flock and Bollman 
have shown that after the injection of P’’ into birds the specific actint}' of 
hver glycerophosphate P is higher than that of In er phosphohpide P, and 

^ • Felloiv of the Amcncin Cmccr Societj, recommended bj the Commitfce on 
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from this obseivation it is conceivable that the foiTner is the precuisor of 
lecithin and cephalin in the hvei (7) It therefoie became of interest to us 
to deteimine whethei in the dog glycerophosphate satisfies moie specific 
lequiiements pioposed eailiei foi identification of a piecuisor (4) 

The sepal ation of glyceiophosphate fiom othei acid-soluble P compounds 
by means of its baiium salt is a laboiious pioceduie and is open to ciiticism 
Kuissanov (9), foi example, obsei-ved that, at the pH at vhich inoiganic 
phosphate is completely piecipitated by baiium, most of the glycerophos- 
phate is also lemoved from solution He also found that after the heating 
of glyceiophosphate with 10 pei cent NaOH foi 3 hours or more only 20 
pel cent of the phosphorus was split off, whereas the same treatment caused 
the loss of 80 per cent of the phosphate of hexose monophosphate He 


Diagr^ui 1 

Phosphohpides m petroleum ether, treat 
with magnesium o\ide and eentrifuge 


All phosphohpides adsorbed, 
elute with methanol 


/ 

Ppt = MgO and cephalins, heat 
with KOH and centrifuge 


Supernatant = choline-containing 
phosphohpides, h 3 ’’drolyze wnth 1 N 
KOH at 37° and acidif w ith TCA 


Supernatant = eephalin P 


Ppt = sphingomj'ehn P Filtrate = lecithin P 


theiefore suggested that the diffeiential hydiolysis of phosphoius-contain- 
ing compounds bj'- stiong alkali might piovide a method foi the sepaiate 
deteimination of these compounds 

As a lesult of these findings we undeitook to piepaie an acid-soluble frac- 
tion that ivas highly concentiated ivith lespect to gl 3 ''ceiophosphate, in the 
expectation that the specific activity of this fi action ivould resemble closely 
the specific actmt}’- of glyceiophosphate 


EXPERIMENTAL 

M elhods 

Sepamhon of Phosphohpides into Lecithins, Cephalins, and Sphingomyelins 
{Diagram 1) — The phosphohpides of livei and plasma weie fiist exti acted 
with alcohol and ethei and finally dissolved in peti oleum ether by a pio- 
ceduie desciibed elsewdieie (10) Chohne-contaming and non-chohne-con- 
taining phosphohpides weie then sepaiated aftei the mannei of Taurog et 
al (11) In this pioceduie the chohne-containing phosphohpides were ' 
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eluted with methanol, whereas the cephalm fraction remamed inth the 
magnesium oxide In the case of plasma phospholipides such a separation 
was not necessary, smce it i\as shoira by Taurog et al that the phospho- 
hpides of dog plasma consist almost entirely of lecithins and sphmgomye- 
1ms (12) 

The chohne-contammg phosphohpides were next suspended m 1 n KOH 
and incubated at 37° for 24 hours, so as to separate lecithm and sphmgo- 
myelm P by the method of Schmidt el al (13) An ahquot of the tnchloro- 
acetic acid filtrate (TCA, Diagram 1), ob tamed by the method of Schmidt 
et al , was used for the determination of lecithm P’- Another aliquot of 
this filtrate was oxidized with perchlonc acid and its P®* content determmed 
colonmetncally (14) 

Immediately after the filtration that separated lecithm and sphmgo- 
myehn phosphorus (Diagram 1), the precipitate was n ashed nith 10 per 
cent tnchloroacetic acid and n as then removed from the filter paper mth 
a few cc of water The precipitate was next dissolved by adding to it 1 
cc of 10 per cent NaOH and heatmg to 50-60° An ahquot n as then taken 
for the measurement of its P^- content and the rest of the solution ashed 
with perchlonc acid for the determmation of P” 

To determine the specific activity of the cephalm P, 1 to 2 gm of the 
MgO (which contamed the cephalm phosphorus) n ere heated overnight on 
a steam bath with 25 cc of 1 n KOH After centrifugation the super- 
natant vas tiansferred to another vessel and the MgO vashed once vith 
20 cc of distilled vater More than 90 per cent of the P’- adsorbed on the 
MgO vas recovered m the KOH phase The P’- and P^' content of the 
KOH solution was determmed as descnbed above for lecithm 

Test for Separalion of Sphingomrjehn P from Lecithm P — Schmidt cl al 
tested their method for the selective saponification of phospholipides on 
knowm mixtures of pure lecithm, cephalm, and sphmgomyelm (13) For 
our purpose it seemed adnsable to imestigate the separation of lecithm 
and sphingomyelin phosphorus m dog plasma, a fluid that contains only 
these tv o phosphohpides 

A sample of dog plasma vas dnided m two portions One was treated 
m the usual w ay w ith alcohol and ether to remo\ e its phosphohpides The 
extracted phosphohpides were then subjected to hjdroljsis at 37° and 
sphmgomjehn determined ns the difference between total P and lecithm P 
The other portion of the plasma was treated wath colloidal iron according 
to the method of Folch and Van Sljke (15) In this wav an extract of 
plasma phosphohpides w as prepared free of non-hpide nitrogen 1 he X P 
ratio of this extract was then used to calculate the ‘:phmgom\chn content 
of the phosphohpides The results of the two procedures are compared 
m Table I 
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It should be noted here that the procedure of Schmidt et al is based on 
the determmation of a small diffeience between the total phosphohpide P 
and the lecithin P, hence the peicentage erroi in the values for sphingo- 
myelin P ob tamed by this method may be much laiger than the errors in 
the individual P detei’mmations The deteimination of the specific activity 
of sphingomyehn is, however, not sub 3 ect to this erioi, since the ratio of 
p32 p3i determmed in the same solution is not affected by losses of P during 
transfers or washings 

Sepmahon of Aad-Sohtble Phosphorus Fraction into Allah-Stable and Al- 
lah-Hydrolyzable For hons — About 10 gm of giound hver were homogenized 
with 10 cc of 10 per cent tnchloioacetic acid (TCA, Diagram 2) and the 
mixture centrifuged The supernatant was made up to a volume of 50 cc 
The tnchloioacetic acid extiact was next neutralized vuth 16 N NaOH 
5 gm of NaOH (pellets) were then added to each tube and the mixture heated 


Table I 

Comparison of Sphingomyelin Content of Plasma by 
N P Ratios and by Method of Schmidt el Al 


Sample No 

SphinEorojclin as per cent of total phospholipides 

From N P 

1 Method of Schmidt et al 

1 

18 

to 

2 

28 

20t 

3 

12 

14t 


* Average of two determinations 
t Average of three determinations 


in a boiling water bath for 3 hours After it had cooled, the hydrolysate 
was neutralized with concentiated HCl 10 cc of a magnesia mixture* 
and 7 cc of 28 per cent aqueous NHj ivere then added m this ordei The 
magnesium ammonium phosphate which formed was allowed to settle over- 
night After filtration and thoiough washing with 3 per cent NH3, the 
phosphate was dissolved m 1 2 n HCI Filtrates A and B (Diagram 2) 
were used for the determination of the specific activity of the allvali-stable 
and of the aUcali-hydrolyzable P, respectively 

> The magnesia mixture consisted of 55 gm of MgCl: 6H«0, 70 gm of NH 4 CI, 650 
cc of HjO, and 350 cc of 10 per cent aqueous NH 3 Kurssanov (9) showed that in 
the precipitation wuth the magnesia mixture the final concentration of ammonia is 
very important Insufficient concentrations of ammonia were shown to result in 
incomplete precipitation of the inorganic phosphate, wffiereas high doses of ammonia 
brought about the precipitation of glycerophosphate In oui experiments we used 
the optimal aqueous NHj concentration proposed by Kurssanov for the separation ^ 
of inorganic phosphate from glycerophosphate 
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Test for Exchange Reacltons during Fracitonahon Procedure — Since the 
glycerophosphate was heated in the presence of strong allcah, it seemed 
possible that the phosphorus moiety might exchange with the phosphate 
of the allcah-hydrolyzable fraction Chargaff (16) has already presented 
data to show that such an exchange reaction does not occur m an acid 
medium 

In order to test whether exchange took place under the conditions of the 
procedure descnbed above, glycerophosphate containmg 4 mg of P was 
heated for 5 5 hours on the steam bath with 4 mg of radioactive phosphate 


I 


Diageam 2 

10 gm liver, homogenize in 
10% TCA and centrifuge 



Ppt protems, etc Supernatant ■= acid-soluble P, 

hydrolyze for 3 hrs with 
10% alkali, neutralize 


Add magnesia mucture and filter 



Ppt = inorganic P Filtrate A «= al- 
and all organic P kali stable P 
hydrolyzed to 
inorganic P 

Mostly glycero- 
phosphate 

Dissolve in HCl 
and filter 


Filtrate B = alkali 
hydrolj zable P 


m a 10 per cent NaOH medium After neutralization and addition of the 
magnesia, the sample was kept cold overnight m order to remo^ e all inor- 
ganic phosphate Almost all the P of the filtrate v as found to consist of 
glycerophosphate as measured by Burmaster’s method (17) Only 0 03 per 
cent of the P’’ was found in this fraction This means that no exchange 
had taken place under conditions of our analytical procedure 
Preparation of Radioactive Glycerophosphate — 250 gm of Iner were ob- 
tained from a dog which had receixed intrax enouslj radioactn e phosphate 
IG hours prexnously Its pliospholipides were first isolated as descnbed 
j elsewhere (10) and then redissohed in petroleum ether and reprecipitated 
wath acetone 
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400 cc of baiium liydiovide containing 25 gm of Ba(OH)2 8H2O were 
added to 4 gm of phospholipides which had been dissolved m 200 cc of 
hot methanol, thoiough shaking was employed during the mixing to insure 
emulsification of the phospholipide Most of the methanol was evaporated 
by heating the mixtuie for 2 houis on the steam bath About 4 cc of 
concentiated H2SO1 weie next added to make the solution acid as indicated 
by biom-ciesol gieen and the piecipitate which formed filteied off The 
filtrate was shaken thiee times with equal volumes of petroleum ether con- 
taining 5 pei cent chloiofoim to lemove unhydrolyzed phospholipides and 
other fatty mateiials The petroleum ether washings contained practically 
no ladioaetivity Accoiding to Burmastei’s method of measurement 
(17), practically all of the phosphoras in the water phase was piesent as 
glycerophosphate 

Table II 


Specific Activities of Phospholipides and Actd-Soluhle Fractions in Two Different 

Lobes of Liver 


Doe No 

Fraction 

lajbe A 

Lobe B 

22 

Lecithin 

11 1 

11 2 


Cephalm 

8 74 

8 70 


Sphingomyelin 

5 97 

6 09 

6 

Alkali-stable 

14 2 

14 7 


Alkali-hydi olyzable 

14 8 

14 9 


Ammal Piepaiations 

Normal and fat-fed dogs weie used in this investigation The fonner 
were fed a high piotein (lean meat) diet foi several weeks befoie the e\- 
peiiment The lattei leceived a high fat, low piotem diet (its composition 
has been lecoided elsewheie (3)) foi 4 days before being used All dogs 
weie fiist fasted foi 24 houis and then lightly anesthetized with nembutal 
and kept so for the duiation of the expeiiment Seveial samples of liver 
wei e excised as desci ibed in a pi evious repoi t (3) Each sample was ground 
thoioughly, one aliquot was transfeiied to 95 pei cent alcohol foi determi- 
nation of its phospholipide content, whereas anothei sample was homo- 
genized in 10 per cent tiichloioacetic acid foi the deteimination of the two 
acid-soluble P fractions (Diagiara 2) 

Since samples of liver weie taken fiom various lobes, it became neces- 
saiy to inquiie into the degiee of variation of all P fiactions found at a 
single time m the lobes of the livei This has already been done foi two 
phospholipide fiactions (3) The lesults presented in Table II for two sepa- 
late lobes lend fuithei suppoit to the view that the specific activity of a 
phosphoiiis compound measuied m a small sample of livei is a leliable 
index of the specific activity of that compound in the whole hvei 
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Results 

Normal Dogs — Biopsy samples of the hver (10 to 15 gm ) were excised 
from Dog A at mtervals of 3, 5, 9, and 12 hours, and from Dog B at 12 5, 
16 5, and 21 hours after the administration of P’- The samples uere ana- 
lyzed for total phosphohpide P, alkah-stable P, and alkah-hydrolyzable 
acid-soluble P The values for the specific activities of these three frac- 
tions, expressed as percentages of the mjected P®' per mg of phosphohpide 
P, are plotted m Fig 1 



Fig 1 Specific activity time relation of liver alkah-h> drolj zablc P (■), h\or 
alkali stable P (A), and liver phosphohpide P (•) 

It vas pointed out by Zilversmit cl al (4) that the following relations 
exist between a compound and its precursor (1) dunng the earl3 mtenals 
after a single mjection of P^’, the specific activitj' of the precursor is higher 
than that of the compound, (2) at the time when the specific actnitj’^ of 
the compound is maximal, it is equal to that of the precursor, (3) thereafter 
the specific activitj' of the precursor is lower than that of the compound 
These criteria for a precursor hold onl\ for single compounds Although, 
as judged 65'’ these criteria, both alkah-stable and alkah-hj drolj zablc pho«- 
plionis could be considered precursors of Iner phosphohpide phosphorus, 
the latter should be dismissed from consideration because its phosphorus 
IS dern ed from sc^ oral difiercnt phosphorus-containing compounds The 
alkah-stable fraction, howeicr, consists largelj of glj ccropho-phate, and 
our mam interest was to test whether this compound satisfies the precursor 
requirements 
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It should ne\t be pointed out that the fi action designated phosphohpide 
consists of seveial compounds We therefoie pioceeded to mvestigate the 
specific activity-time lelations between each of the acid-soluble fractions 
and individual types of phosphohpides, namely, lecithins, cephahns, and 
sphingomyehns The results obtained on thiee dogs (Nos 22, 36, and 56) 
are shown giaplucally in Figs 2 to 4 Dogs 22 and 36 ivere fed the lean 
meat diet, whereas Dog 56 received the high fat diet 
Foi all thiee dogs, the specific activities^ of the lecithin fraction veie 
higher than those of the other phosphohpides Figs 2 to 4 show that the 
aUcah-stable fraction meets all the reqmiements setfoith above for a leci- 
thm precursor 



HOURS AFTER INJECTION 

Fig 2 Specific activity-time relations (Dog 22) of liver alkali-hydrolyzable P 
(□), liver alkali-stable P (H), liver lecithin P (O), liver cephalin P (•), and liver 
sphingomyelin P (A) , and the specific activities of plasma lecithin P (+) and plasms 
sphingomyelin P (open symbol) 

Further evidence as to whether alkah-stable phosphorus is a precursor 
of hver lecitlun phosphorus was sought in chohne-treated dogs in which 
the shape of the hver lecithin specific activity curve is radically changed 
Maintenance of the relations outhned above between lecithin phosphorus 
and allcah-stable phosphoiiis undei the new conditions provided by choline 
treatment would, of course, add support to the possibility that the allcah- 
stable phosphorus is the sought foi piecursor 

Fat-Fed, Choline-Treated Dogs — ^Thiee dogs were fed high fat diets for 
4 days and then fasted for 24 hours before the admmistiation of 300 mg of 
chohne per kilo of body weight The was injected mtravenously 30 
mmutes later The results on these three dogs are shovm m Figs 5 to 7 

’ All specific activities are e\pressed as percentages of the injected P®“ per mg of 
total P 
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A pronounced increase in the specific activities of alkah-hydrolyzable P, 
alkali-stable P, and lecitbm P v as observed in tv o of the three dogs Thus 
the inaximnin specific activity of the hver lecithin in the cholme-treated 



Fig 3 Specific activity time relations (Dog 36) of hver alkali hydrolyzable P 
(□), liver alkali stable P (■), liver lecithin P (O), hver cephalm P (•), and li\or 
sphingomyelin P (A) , and the specific activities of plasma lecithin P (+) and plasma 
sphingomyelin P (open symbol) 



HOURS AFTER P” INJECTION 

Fir 4 Specific activitj time relations (Dog 56) of Incr alkali Indrohzable P 
(O), liver alkali stable P (■), liver lecithin P (O), liver cephalm P (•), and liver 
sphingomvclin P (A), and the specific activities of plasma lecithin P (+) and plasma 
splnngomjelin P (open svanbol) 

dog V as tv ICC (hat of the untreated dogs Despite the change in shape of 
the specific activ itj -time curve for hver lecithin that resulted from tlic 
administration of choline, the curv e for alkali stable phosphorus retained 
features sufficient to cbaractenzc it as a possible precursor of liver lecithin 




Fig 5 Specific activity -time relations (Dog 44) of liver alkali-hj drolyzable P 
(□), liver alkali stable P (□), liver lecithin P (O), liver ccphalin P (®), and liver 
sphingomyelin P (A), and the specific activities of plasma lecithin P (+) and plasma 
sphingomyelin P (open symbol) 



Fig 6 Specific activity-time relations (Dog 45) of liver alkali-liydiolyzable P 
(□), liver alkali-stable P (□), liver lecithin P (O), liver cephalin P (e), and liver 
sphingomjelin P (A), and the specific activities of plasma lecithin P (+) and plasma 
sphingomyelin P (open symbol) 
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Calculation of Turnover Time of Liver Lecithin 

From theoretical considerations presented elsewhere (4) it m as concluded 
that a measure of the turnover time® of a phosphohpide can be obtained 
from the specific activity-time cunms of the phosphohpide and its pre- 
cursor The phosphohpide turnover time, ti, is obtamed from the ratio 
of (1) the area bounded by these two curves between ti\ o time coordinates 
to (2) the mcrease m the phosphohpide specific activity m that same time 
interval This procedure is illustrated m Fig 1 Thus, 

shaded area 

It 

m 



Fio 7 Specific activity time relations (Dog 57) of liver alkali-hjdroljzable P 
(Q), liver alkali stable P (O), li'er lecithin P (O), liver cephalin P ( •), and Incr 
sphingomyelin P (A) , and the specific activities of plasma lecithin P (+) and plasma 
sphingomyelin P (open symbol) 

For the measurement of It, it is necessary to use the specific activity at an 
earlj'" interval because (1) it is tlie time when the error in the determination 
of the difference between the specific activities observ'ed at the beginning 
and end of the period could be expected to be minimal, since at the early 
inteiw als the specific acti\ ity of liver lecithin increases most rapidly , and 
(2) if deleterious effects of surgery occurred, they^ would be expected to be 
minimal at the early intcraals Since wc have no data on the shape of the 
curves up to the point when the first Iner sample was taken, the calculation 
had to be applied to the area bey'ond this point We therefore chose the 
time intenal between the taking of the first and second liver samples as 
most reliable for the calculation of (i 

it values for liver lecithin are recorded in Table III For reasons dealt 

’ The turnov cr time of a In cr phosphohpide is tlie time required for the turnov er 
of an amount of liver plio'jpliohpide equal to that present in the liver 
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■With above and in “Discussion” below, those based on the alkali-stable 
fraction as precursor are more rehable 
The lesults m Table III cleaily show that, regardless of which fraction 
is taken for the calculation, the it values foi hver lecithin are decreased in 
the two dogs that lesponded to choline tieatment Smce the total lecithin 
in the livers of the cholme-treated dogs remamed normal, this means that 
hvei lecithm is synthesized at a more rapid rate m the choline-treated than 
in the normal dog 


Table III 

Turnover Time* of Liver Lecithin 



Dog No 

1 Weight 

1 

Based on alkali stable 
specific activity 

Based on alkali 
hydrolyzable specific 
activity 


! 

1 

; hs 

hrs 

hrs 

Normal 

22 

12 

5 9 

21 


36 

13 

3 6 

15 

1 

56 

11 

6 1 

18 

Cholme-treated 

44 

11 

1 8 

8 7 


45 

13 

2 0 

5 9 


57t 

14 

5 6 

21 


* All values are obtained from the areas and specific activities between the first 
and second points on the curve (t c , 3 to 6 hours) 

t This dog failed to show an increase in the specific activities of liver or plasma 
phospholipides after the administration of choline S5 per cent of the dogs treated 
■w'lth choline showed marked increases m phospholipide specific activities Ir- 
regularities in the response of animals towards the lipotropic action of choline are 
known to occur 

Calculahon of Turnover Time for Plasma Leathin and Sphingoimjehn 

The specific activities of these trvo plasma phosphohpides weie elevated 
m the choline-treated dog Smce the hvei is the source of plasma phospho- 
lipides, this means eithei (1) that the turnover of plasma phosphohpides 
had actually inci eased or (2) that the change in specific activities merely 
reflects similai changes in hver phosphohpides unassociated -uTth an actual 
inciease in turnovei of plasma phosphohpides 

In Older to obtam the turnover time of plasma sphingomyelin we can 
make use of the fact that in nearly all cases the specific actmty of hver 
sphingomyelin increases linearly vnth time Under such conditions the 
following 1 elation has been shovm to hold (4) 

S. 6,, (i (1) 

in vhich ^/r is the specific activity of plasma sphmgomyelin at time t, b is 
the increase in specific activity of hver splungomj^elm pei unit of time, and 
it IS the turnover tune for plasma sphmgomyehn 
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If the specific activities of plasma sphingomyehn and of hver sphmgo- 
myelm at any one time are known (in our experiment we knew the values 
at the end of the experiment), then the turnover time of plasma sphmgo- 
myehn can be calculated from equation (1) The values so obtamed are 
presented m Table IV 

A calculation for turnover time of plasma lecithm is more complex, smce 
the relation observed between the specific activity of hver lecithm and tune 
IS not simple In a previous communication the following equation was 
denved for the relation between the specific activity of phosphohpide phos- 


Table IV 

Turnover Time* of Plasma Lecithin and Sphingomyelin 



Dog No 

Leothin 

SpUngomyelin 




hrs 

Normal 

22 


12 


36 


10 


56 

10 

13 

Chohne-treated 

44 

6 

11 


45 

12 

10 


67 


21 


* For calculation see the text 


phorus and that of its precursor when the specific activity of the latter is 
kept constant (4) 

- cz ( 2 ) 

r 

where x/r is the specific activity of the phosphohpide at tune t, a the 
constant specific activity of its precursor, and U the turnover tune of the 
phosphohpide 

In our experiment the specific activity of the phosphohpide precursor 
did not remam constant (see Figs 1 to 7) A good approximation of It can 
be obtained when the average specific actmty of hxcr lecithin (in this case 
the precursor) is substituted for a m equation (2) The average hver leci- 
thin specific activity is calculated by dmdmg the area under the Iner 
lecithin specific activity curve bj the duration of the experiment The 
equation now becomes 

Plasma lecithin specific activity at end of experiment 
A\cragD specific actnitj of luer lecithm 

The turnover times obtained in this wa> are presented in Table I\', the 
results of which clearly show that choline docs not significantly change the 
turnover rate of either plasma lealhtn or sphingomyelin 

E\en though the \alues for it of these two phosphohpidcs were quite 
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similai, their tuinovei lates do, howevei, diffoi because the concentration 
of lecithin phosphoiiis in plasma is appi oximately 4 times as high as that 
of sphmgomyehn phosphoius 


DISCUSSION 

In confiimation of eailiei obseivations of Entenman cl al (3), it is shoira 
heie that the specific activities of chohne-contaming phosphohpides of hvei 
and plasma aie maikedlj'- elevated shoitly aftci a single feeding of clioline 
The present investigation bungs to light, howevei, that neaily all of the 
use IS caused by lecithins Increases weie also obseiwed m liver sphingo- 
myelin, but, smce this hpide constituent constitutes onlj’’ about 10 pei cent 
of the hvei’s phosphohpides, it contributes little to the use in the specific 
activities of the cholme-containing phospholipides of the liver 

In those animals that lesponded to choline, the lattei pioduced an in- 
ciease in the calculated tumovei of hva lecithins But in neithei plasma 
lecithin nor plasma sphmgomyelm was an inciease m the calculated tura- 
ovei lates obseived aftei the administiation of choline The iiicieases in 
the specific activities of plasma phospholipide pieviousl}'^ lepoitcd (18) must 
now be lecognized as a leflection of similai inci eases of then precursors in 
the hvez 

The fact that choline stimulates lecithin tuinovei in the liver but not in 
plasma may have an impoitant beaiing on the meclianism of action of 
choline as a lipotropic agent If the hpoboptc action of chohne opcialcs 
ihwitgh phospholipide metabolism, then the lemoval of liver fat imdei the in- 
fluence of choline does not involve an ina cased banspoit of fat fioin lwei to 
penpheral tissues via plasma phosphohpides The evidence suggests lathei 
that choline acts on the utilization of fat within the hvci itself 
Although the mam puipose of this paper was to obtain a hvei phosphoius 
fraction that would enable us to calculate phospholipide tuinover in this 
tissue, it is neveitheless of inteiest to considei the composition of the aUcali- 
stable fi action An analysis of this fi action foi its gl 5 '’ceiophosphate con- 
tent was made by Buimaster’s method (17) ^ In the thiee noimal dogs, 

‘ Platt and Porter (19) have reported that ethanolamine stimulates cephalin 
turnover to the same extent as eholme stimulates lecithin turnover Since etlia- 
nolamme is not lipotiopically active, these authors suggest that the stimulation 
caused by choline is due to a mass action effect and not to a lipotropic mechanism 
^ Micromethods for the accuiate deteimination of glycerophosphate in the presence 
of other organic phosphates have not been developed The oxidation of glycero- 
phosphate vith peiiodate and the subsequent hydrolysis of the glycolaldehyde phos- 
phate have been used extensively This method has been criticized, both for its 
unspecificity (LePage (20)) and its low recovery (SO 5 per cent according to Leva and 
Papoport (21)) For our purpose, however, the periodate method seemed suitable, 
since ve vere mainly interested in learning whether the greater portion of the alkali- 
stable fraction (Diagram 2) was made up out of glycerophosphate 
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66 to 75 per cent of the total P in the alkah-stable fraction -nas accounted 
for by glycerophosphate P, Aiheieas 6 to 9 per cent consisted of inorganic 
phosphate In the chobne-treated animals the percentages for glycerophos- 
phate Mere 54 to 61, whereas the values for morganic phosphate Mere 2, 3, 
and 11 per cent These results leave no doubt that the alkali-stable frac- 
tion of h\er as determmed here is nch m glycerophosphate Smce gl} cero- 
phosphate is structurally an important moiety of the lecithin molecule, and 
moreover smce the specific activity of the alkah-stable fraction satisfied 
the cntena for a precursor of lecithin, it is likely that glycerophosphate'' is 
actually a precumor of hver lecithm 

In an attempt to obtain more direct endence on the nature of the pre- 
cursor of liver lecithin, a sample of radioactive glycerophosphate was pre- 
pared and mjected mto the portal vem of a dog at a constant rate dunng 
a period of 2 5 hours At the end of this mterval a liver sample was taken 
The analyses show'ed that the specific activity of the morganic phosphate 
in the hvei was just as high as that of the alkah-stable fraction It was 
therefore not possible, from this experiment, to draw more definite con- 
clusions as to w'hether glycerophosphate is a precursor of h\ er lecithin 

Since Stetten (22) found that ethanolamine can be considered a piecursor 
of choline, it may be noted that m the present ex-penments the specific 
activities of lecithin P in the liver were higher than those of cephalin P 
This means that liver cephalin is not on the mam pathway of lecithin syn- 
thesis and suggests that bound ethanolamine, m contrast to its free form, 
IS not raeth3dated to an appreciable extent 

SUiniARl 

1 The specific activity -time relations of In er lecithin, liver cephalin, and 
liver sphingomyelin were compared with those of two acid-soluble frac- 
tions, namely alkah-stable and alkah-hj'drolj zable phosphorus 

2 The specific actn ity-timc relations of a In er fraction nch in gb cero- 
phosphate met the requirements for a lecithm precursor 

3 Choline increased the tumoi er of In er lecithin but not of plasma leci- 
thin or of ph'ima sphingomj elm 

4 In \ icw of these findings it is proposed that choline does not act bv 
increasing fat transport i la plasma phospholipides but rather In stimu- 
lating the utilization of fats within the In or itself 
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THE TURNOVER RA.TES OF PLASMA LECITHIN AND PLASMA 
SPHINGOMYELIN AS MEASURED BY THE DISAPPEARANCE 
OF THEIR RADIOACTIVE PHOSPHORUS FROM THE 
CIRCULATION 

Bt D B ZILVERSMIT,* C ENTEiSTMAN, ujd I L CHAIKOFF 

[From ihs Division of Physiology, Unwersily of California Medical School, 

Berkeley) 

(Received for publication, May 3, 1948) 

Dog plasma contains only two types of phosphobpides, namely lecithms 
and splimgom 5 '^elms (1) This is worthy of note, smee plasma phospho- 
lipides onginate in the liver (2), a tissue that s 3 mthesizes three tj^pes of 
phosphobpides, cephalins as well as those containing cholme The 
data obtamed in the preceding paper (3) showed that lecithin is delivered 
to plasma at a much more rapid rate than sphingomyelin Since this 
measurement was based on a procedure that involved considerable 
surgical trauma of the liver, the values obtained could not be considered 
entirely accurate without further proof A measure of their turnover 
m plasma was therefore sought by a different method, i e , one that u ould 
cause no physiological disturbance This nas accorophshed by mtroducing 
labeled plasma phosphobpides mto the circulation of dogs and observing 
the rates of their disappearance from the blood stream (4) In contrast to 
this method, which measures the rate of disappearance of plasma phospho- 
lipides, the procedure used m the precedmg report vas based on the rate 
at which phosphobpides are delivered by the liver to plasma Since m the 
steady state the amount of each phosphohpide that enters the plasma must 
equal that which leaves, the two measurements should yield identical re- 
sults The close agreement shonm here for rates of turnover of each plasma 
phosphohpide as measured by two widely diffenng methods lends support 
to the reliability of the data presented 

EXPERIJIENTAL 

The methods used for the determination of lecithin and sphingomy elm 
P’* and are desenbed in the previous communication (3) 

In Experiment 1 radioactive phosphobpides were obtained from a donor 
dog tint had received orally 4 milhcunes of P*' 54 hours before axsangui- 
nation Enough blood was obtained from this donor dog to permit an in- 
jection of 100 cc of plasma mto each of three recipient dogs designated here 
as Dogs A, B, and C The data for the specific actmtics of lecithin and 

•Fellow of the Amcncan Cancer Society, recommended by the Committee on 
Growth of tho National Research Council 
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TURNOVER or LECITHIN \ND SPHINGOMYELIN 


sphingomyelin phosphoius of plasma found at vaiious mten’-als aftei the 
injection of ladioactive phospholipides aic picscnted m Figs 1 and 2 



Fig 1 The disappearance of labeled lecithin from the circulation Dog A, E\ 
periment 1 (O), E\periment 2 (O), Dog B, Evpenment 1 (□), Experiment 2 (>), 
Dog C, Experiment 1 (A), Experiment 2 (A) 



Fig 2 The disappearance of labeled sphingom 3 ’’elin from the circulation Dog 
A, Experiment 1 (O), Experiment 2 (O), Dog B, Expeiiment 1 (□), Experiment 2 
(□), Dog C, Expeiiment 1 (A), Experiment 2 (A) 

CalculaHon of Tiii novel Time and Tw nover Rate 
It has been shown in a pievious communication (4) that 

r r 

where z is the amount of phosphohpide present in the entiie ciiculating 
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fluid at tune t, xo is the amount of phosphohpide present in the entire 
circulating fluid at zero tune, r is the total amount of phosphohpide P present 
m the entire circulating fluid, p is the rate of phosphohpide turnover, and 
i IS the tune after mjection of the labeled phosphohpide 
Thus x/r represents the specific activity of phosphohpide P at tune t 
Smce r/p IS equal to the time required for the turnover of an amount of 
phosphohpide P equal to that present in the circulatmg fluid, 

- = (B) 

T T 

where tt is the phosphohpide turnover time 


Table I 


Turnoier Times and Turnover Rales of Plasma Lecithin and Sphingomyelin 


Dog 

Etpen 
; ment 
No 

Weight 

Lecithin P 

Sphingomyelin P: 

Turnover time 

Turnover rate 

Lecithin 

Sphmpo 
m> elm 

Lecithin 

Sphingo 
m> cUn* 




trig per ctni 

mg per cent 

hrs 

hrs 

mg P per hr \ 

mg P per hr 

A i 

1 

7 9 

10 6 

2 7 

mm 

27 

4 3 

0 5 


2 

8 0 

8 7 

1 9 

mm 

17 

5 6 

0 7 

B 

1 

8 8 

10 3 

2 1 

12 

23 

4 0 

0 4 


2 

8 9 

11 3 

2 7 

10 

17 

4 4 

0 8 

C 

1 

7 9 

10 1 

2 0 

13 

10 

I ^ 3 

1 0 


2 

8 5 

9 9 

1 7 

10 

14 

I 5 3 

0 7 


* The estimation of the total amount of sphingomyelin present in the entire 
circulating fluid has been made on the basis of the lecithin specific activity data 
Thus it 18 assumed that the circulating volumes for lecithin and sphingomyelin arc 
dentical 


1 

Thus, 


In Figs 1 and 2 the specific activity of phosphohpide P at zero time, i c 
xvir, can be read from the mterscction of the curve with the y axis If ve 
define the half time (fj) as the time at vhich the phosphohpide specific 
actn ity is exactly half the specific actix ity at zero tunc, then v e can dent e 
from equation (C) the relation 


In - = In - 
r r 


(O 


h 


U ^ ll 

Xt) In 2 
In — 

*1 


144 (j 


The turnover time is thus easily determined from the half time of anv one 
of the curves in Figs 1 or 2 The turnover rate can be calculated if the 
total amoimt of phosphohpide P m the circulation (r) is known 
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TURNOVER OF LECITHIN AND SPHINGOMYELIN 


rco IS the total amount of phospholipide present in the circulation at 
a tune when none of it has yet been utihzed and is therefore equal to the 
total amount of phospholipide P^* injected Dividing the amount of m 
jected phosphohpide P®^ by the specific activity of the phospholipide P at 
zero tune thus gives the total amount of phosphohpide P present m the 
circulation (?) 

The turnover late, p, is then found from 


The values foi tumovei times and tumovei rates aie lecorded in Table I 
The same dogs weze used m Evpeument 2 earned out 3 weeks later A 
new donoi dog was used, howevei , it received orally 4 milhcuries of P^- 48 
howshefoie it was bled The good agieement between the results of both 
experiments (Table I) shows that the turnover times aie not mfiuenced 
by vaiiables in donor dogs and the time allowed foi the syntheses of 
labeled plasma phospholipides 

It IS showm here that the turnover tunes foi plasma lecithin are a little 
shortei than those for plasma splnngomyelm Smee, however, the plasma 
of these dogs contained about 4 to 5 times as much lecithin as sphingo- 
myelin, the absolute amounts of these plasma phospholipides turned over 
(^ e , their turnover lates) diffei consideiably Thus, plasma lecithin is 
turned ovei at a late which is moie than 5 times as gieat as that of plasma 
sphmgomyehn 


SUMMARI 

The lates of tumovei of plasma lecithin and of plasma sphmgomyehn 
have been measuied in the dog The rate for lecithm is more than 5 tunes 
as gieat as that for sphmgomyelm 
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ESTIMATION OF AKGINASE ACTIVITY IN HOMOGENATES* 


Br EUGENE ROBERTSt 

{From the Barnard Free SI in and Cancer Hospital, St Louis) 

(Received for publication, June 11, 1918) 

The present procedures were developed prior to a study of the changes in 
arginase activity m epidermal carcmogenesis because none of the existing 
methods was found to meet the minimal reqmrements for a good assay (1) 
Recent advances in the detemunation of arginase activity of punfied hver 
extracts (2) and m the knowledge of metalhc activation of argmase (3) 
have served as the basis for the modifications descnbed herem 

EXPERIMENTAL 

Baste Procedure for Determination of Arginase Activity — A 2 per cent 
homogenate of the tissue to be studied was prepared m ice-cold redistilled 
water in a ground glass homogemzer One aliquot of the above v as mixed 
with an equal volume of a 0 1 m solution of MnCh 4HjO and placed m a 
water bath at 50° in tubes vhich nere tightly stoppered after temperature 
equihbnum had been established Samples vere removed at the desired 
intervals for measurement of activity The tubes were shaken vigorously 
every 30 minutes The method for the measurement of arginase activity 
was essentially that descnbed under “Photometnc method” b}" Van Slyke 
and Arch.bald (2) The activity of the ongmal homogenate was measured 
by adding 0 1, 0 2, or 0 3 ml of the homogenate or a suitable dilution thereof 
to 5 ml test-tubes contaimng 0 5 ml of argmme substrate to vhich 0 9, 0 8, 
or 0 7 ml of redistilled water or of 0 05 m MnClj had preruously been added 
The activities of the samples incubated mth MnCh at 50° n ere measured 
only in tubes containing the Mn"*^ ion The tissue samples were added 
after the substrate solutions had attained the temperature of the bath 
(38°) The pH of the mix-ture contaimng distilled nater as the diluent was 
approximately 9 5, vhile that of the mixture contaimng MnCU was approxi- 
mately 9 2 No differences in actmty nere observed nhen samples of the 
ongmal homogenates vere added directly to the Mn-contaimng incubation 
mixture or vhen the homogenates were made 0 05 m vith respect to MnCl* 
pnor to the addition This is because the Mn"*^ v as present m considerable 
excess Tlic reaction was allowed to proceed for exactly 10 minutes and 

* Aided bj grants from the United States Public Health Sen ice and the Charles P 
Kettering Foundation 

1 t Present nddrc'9, Dmsion of Cancer Research, Department of tnatomj. Wash 
j ington Unucrsilj , St Louis 10, hfissoun 
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then stopped by the addition of 1 ml of 15 pei cent metaphosphoiic acid 
The uiea content was measuied in the manner pieviously described (2) 
A reagent blank was piepaied adding 1 ml of the acid to the substrate 
solution to which 1 ml of Avatei or 1 ml of 0 05 i\i MnCh had been added 
The Mn++ ion did not affect the blank value A tissue blank was also 
prepared by adding the metaphosphoiic acid to the substrate solution piior 
to the intioduction of 0 1 to 0 3 ml of the homogenate Livei homogenates 
weie always diluted to 1 10 oi 1 20 with ledistillcd water oi mth 0 05 m 
M nCb just pi 101 to the deteimination of activity 

UVER 



6 0 01 9 3 m 0 05 M IsInCl; or in m ater alone at pH 7 S 

Ttssucs Studied — Special attention nas given to the applicability of the 
method to the determination of the arginase actmt 3 ’' of the liver, ladney; 
and epidermis of the Smss mouse and of a transplantable squamous cel 
caicinoma originally derived from the epidermis of a mouse hy the appli- 
cation of methylcholanthiene (4) A suivej'' was made of some of the 
other tissues The influence of the daily injection of 75 mg of arginine on 
the aiginase activity of the hvei, ladney, and epidermis of adult mice was 
also immstigated 


Residts 

Activation hy Manganese — The results of the stud}'' of the time course oJ 
manganese activation at 50° are summaiized m Figs 1 and 2 and Table I 
Liver (Fig 1 ) — From the results of Evpeiiment I it is seen that the maxi- 
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mal activity attained was the same whether the activation took place m an 
unbuffered solution at pH 6 0 or m 0 25 m glycine buffer at pH 9 3 The 
rate of activation was somewhat greater at the higher pH These findings 
are similar to those previously reported for punfied beef hver arginase (3) 
The mcubation in the unbuffered solution was employed routmely because 
of greater convemence and for the sake of mamtaimng uniformity inth the 
procedure employed for the other tissues 

CARCINOMA 



HOURS 

Fio 2 Activation of a homogenate of mouse epidermiB in 0 05 m MnCli at pH 5 6 
and 9 3 and the activation of homogenates of squamous cell carcinoma and kidney in 
0 05 M MnCli 

Evpenment II was performed on another hver sample The actmty 
attained a maximal level in 4 hours and remained constant through G hours 
as in the comparable sample m Experiment I In both cases the maximal 
activity was approximatelj’’ 2 5 times the actmty of the freshlj' prepared 
homogenate when estimated in the presence of Mn'”' ions Incubation 
w ith w ator alone at 50° produced no actn ation The unactn ated homog- 
enate had a 5-fold greater actmtj when the measurements were earned 
out m the presence of MnCl* than when no hln"*^ ions were added 

A 5 hour incubation penod was cmplojed for all routine assajs In 
sea eral expenments it was found that maximal actn ation was not achiei cd 
bj heating to 58° for 20 minutes with MnCl*, a procedure found suitable 
for punfied arginase preparations (2) 



216 


ARGINASE IN HOMOGENATES 


Epidermis {Fig 2 ) — Incubation eithei at pH 5 G or at pH 9 3 resulted in 
the same value for maximal activity This value was attained at the loner 
pH in 4 hours and remained virtually constant for 6 hours However, in 
the alkaline glycine buffer the activity declined after reaching the maximal 
level at 3 hours The activation of this tissue was theiefore performed 
routinely m the unbuffeied solution for 5 hours at 50° The maximal 
activity was approximately 5 times greater than that in the fresh homoge- 
nate when the measurements were performed in the presence of Mn++ ions 
Carcinoma {Fig 2 ) — The activity for carcinoma reached a maximum 
4 hours after the start of incubation in an unbuffered mixture and remained 
constant through 6 hours These findings are the same as for the two pre 
viously discussed tissues The extent of actixmtion achieved was greater 

Table I 

Arginatc Aclimly of Various Tissues of Mouse 
The results are expressed in micrograms of urea liberated per mg of fresh weight 
under the standard assay conditions 


Time of incubation 

Tissue 

; Intestine 

Lymph nodes 

Leg muscle 

Spleen 

brt 





0 No MnCh 

130 

1 

1 

1 

0 With Muds 

111 1 

1 

1 

j 1 

1 

6 

1 

1 

1 

2 ! 

2 


1 

1 

3 

4 

3 

1 

1 

4 

2 

3 

1 

1 

6 

14 

4 

2 

1 


in this tissue than m hver and epidermis, the ratio of final to imtial activ- 
ities in the presence of Mn++ ions being approximately 7 * 1 The 5 hour 
incubation was employed for all assays of carcinoma samples 

Kidney {Fig 2 ) — The results of heating unbuffered homogenate of 
ladney in 0 05 m MnCh at 50° are typical of those obtained m a number of 
similar experiments There was a small increase m activity after 1 houi 
and a slow rate of decrease thereafter The activity of kidney homogenates 
was therefore usually measured after 1 hour of incubation In a few in 
stances no activation was observed 

Other Tissues {Table I ) — The addition of MnCla to the substrate de 
creased the high activity of the homogenate of washed small intestine tc 
85 per cent of that found when no activator was added Most of th( 
remaimng activity was lost after incubation for 1 hour at 50° Thest 
results differ from those found for the other tissues studied and ment fur 















E EOBEHTS 


217 


ther investigation Only slight activity was observed m lymph nodes, leg 
muscle, and spleen No activity was detected m heart, pancreas, stomach, 
brain, testes, whole blood, or thnce-washed erythrocytes in the presence or 
absence of added MnCla or after vanous intervals of mcubation mth Mn++ 
It should be noted that the failure to find arginase actmty in these latter 
tissues does not necessanly mean that they do not possess some arginase 
activity Different treatments and the utihzation of higher tissue con- 
centrations may be reqmred for the demonstration 
Proporhonality of Arginase Aclimly io Quantity of Tissue — In Fig 3 are 
shown the results of experiments in which different quantities of maximall 5 ' 
activated preparations of carcinoma, epidermis, and hver were tested under 



Fio 3 Proportionality of activity to quantity of tissue in liver, carcinoma and 
epidermis 

the standard assay conditions In each case the activity was proportional 
to the tissue concentration when the quantities of tissue were suitably 
chosen Measurements of the activity of an unactivated homogenate of 
kidney made in the presence of Mn++, Fig 4, show that also for this tissue 
the linearity holds true 

Time Course of Liberation of Urea — ^The results of a lunetic stud} of the 
liberation of urea from argimne by maximally activated homogenates of 
epidermis, Iner, and carcinoma are given in Fig 5 In each case 2 ml 
aliquots of a suitable dilution of the homogenate in 0 05 m MnCl: were 
added to a solution containing S ml of 0 05 vi MnCl- and 5 ml of the argi- 
' nine solution to give the final tissue concentrations indicated on the cunes 
\Tlie reactions uerc earned out at SS® At vanous time mtenals 1 ml 
Samples were withdrawn and pipetted into tubes contaimng 0 67 ml of 15 
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Fig 4 Proportionality of activity to quantity of tissue in kidney 



liver, carcinoma, and epidermis 

per cent raetaphosphoiic acid After centrifugation 1 ml samples of the 
supernatant flmd were employed for urea determination 



E ROBERTS 


219 


For each tissue the reaction rate was constant over considerably longer 
periods than the 10 minutes employed m the standard assay procedure 
Typical Assay Results {Table 11) — ^An mcrease in the arginase activity 
-of homogenates of all four tissues was produced by the addition of Mn++ 
ions A further increase occurred when the tissues were activated at 50° 
The activity was proportional to the quantity of tissue employed in all 
instances except in the case of the unactivated liver homogenate, the activ- 
ity of which was measured in the absence of added activator Little im- 
portance IS attached to the determination of the activity of the homogenate 
in the absence of added MnCL because of the different dilutions of the 

Table II 

Typical Results for Mouse Liver, Kidney, Epidermis, and Squamous Cell Carcinoma 


The results are expressed in micrograms of urea liberated per mjf of fresh iv eight 
of tissue under the standard assay conditions 


Treatment 

Quantity of 
homogenate* 


Tissue 



Liver 

Caranoma | 

£piderims 

Kjdney 

No MnClj, no incubation 

ml 

01 

280 

3 

2 

6 


03 

333 

3 

2 

6 

With MnCij, no incubation 

01 

1088 

21 

7 

9 


03 

1093 

18 

7 

9 

Incubated in MnCli 

01 

2190t 

158t 

43t 

13t 


03 

2094 

169 

4C 

12 


* 0 1 ml of liver homogenate contained 0 05 mg of fresh tissue, 0 1 ml of the 
homogenates of the other tissues eontained 1 mg of fresh tissue 
t Incubated for 5 hrs at 50° 
t Incubated for 1 hr at 50° 

tissues employed and because of possible contamination vnth activating 
ions, especially in the case of the epidermis 
Reproducibility of Results — 2 per cent homogenate uas made from 
epidermis of normal mice and uas divided into four aliquots Each aliquot 
was studied in the manner previously described At each level of actix a- 
tion the measurements on the separate aliquots n ere in excellent agreement 
mth each other 

Summary of Assay Rcsidts for Liver, Kidney, Epidermis, and Carcinoma 
{Tabic III) — The hver has the greatest actituty of the tissues studied mth 
the carcinoma, epidermis, and kidney follomng in that order The smallest 
P degree of actn ation b} the procedures emploj’ed nas found in tlic kidne} , 
Uhe greatest actuation was obsened in tlie carcinoma 
Influence of Injection of Arginine on Arginase Acimty of (he Liter, Kidney, 
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and Epidermts {Table 71^)— An expenment was performed m which 75 mg 
of argimne (pH 7 0) contained in 0 5 ml weie injected daily into adult mice, 
while control mice were given the same quantity of physiological saline 
The mice were lolled at the times indicated Onlj' the values for the maxi 

Tabue III 

Arginasc Activity of Mouse Liver, Kidney, Epidermis, and Squamous Cell Carcinoma 
The results are expressed m micrograms of urea liberated per mg of fresh weight 
of tissue under the standard assay conditions All activities were measured in the 
presence of Mn’*"'*' ions 


Tissue 


Sample No 

Liver 

Carcinoma 

Epidermis 

Sidney 


Before 

1 incubation 

^ After 
incubation* 

Before in- 
cubation 

After in 
cubation* 

Before in 
cubation j 

After in 
cubation*j 

Before in 
cubation 

After in 
cubationf 

1 

1179 

2740 

19 

159 

7 

45 

8 

12 

2 

1090 

2142 

10 

79 

4 

42 

9 i 

10 

3 

935 

2330 

29 

220 

5 

31 

13 1 

16 

4 

1033 

2490 

22 

206 

5 

21 

9 

9 

5 

1240 

2565 

24 

191 

2 

22 

3 

6 

Mean 

1095 

2453 

1 

21 

171 

5 

32 

S 

11 


♦ After incubation for 5 hrs at 50“ 
t After incubation for 1 hr at 50“ 


Table IV 

Influence of Injection of Arginine on Arginase Activity of Liver, Kidney, and Epidermis 


The results are expressed in micrograms of urea liberated per mg of fresh weight 
of tissue under the standard assay conditions Liver and epidermal homogenates 
were incubated with MnCl- for 5 hrs at 50“, kidney for 1 hr 


Tissue* 

nays after 
first injection 

Controlf 

Arfiininel 

Liver 


2231 (1928-2740) j 

2013 (15S7-2676) 

Epidermis 


40 (20-57) 

40 (35-53) 

Kidneys 

mBm 

10 (6-13) 

12 (9-13) 


* Four samples were studied for each tissue 

t Received daily intraperitoneal injections of 0 5 ml of ph 3 "Siological saline 
f Received daily intraperitoneal injections of 75 mg of arginine contained in 0 5 
ml of a solution adjusted to pH 7 0 

mally activated homogeaates are reported It is apparent that the argi- 
mne injections produced no sigmficant effect on the arginase actmty of the 
tissues studied It has been reported that the injection of argimne mark' 
edly increased the arginase content of the muscles and ladneys of norma 
gmnea pigs (5) The differmg results for the kidneys may possibly be 
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ascnbed to the different species employed or to vanations m expenmental 
procedures 


DISCUSSION 

The type of metalhc activation that occurs in the case of argmase has 
also been descnbed for leucme aminopeptidase (6, 7) and prolidase (8) 
It has been suggested that the activation of argmase consists m the trans- 
formation of a proarginase which contains no Mn into an active argmase 
containmg Mn (3) However, the mechamsm of the transformation is still 
not clear There is no nay of estimatmg the actual activity of the enzyme 
in the active tissue pnor to homogemzation and dilution Therefore, httle 
can be said regarding the physiological sigmficance of determmations made 
in homogenates imtil these measurements are correlated with other variables 
to which they may be related 

It was found that different degrees of activation could be achieved for 
the various tissues studied It is important to measure the mavunal activ- 
ity of which a tissue is capable, smce this gives an idea of the potentiahties 
of a tissue wth respect to the reaction which the enzyme catalyzes It mil 
be shown in a subsequent report on changes m argmase activity in epidermal 
carcinogenesis that the most consistent results and those best correlated 
with other chemical changes iiere obtained m the maximally activated 
tissues 

From the results obtained it is apparent that any procedure employed 
for the measurement of the argmase activity of a tissue must be standard- 
ized for that tissue It would not even seem advisable to transfer a pro- 
cedure developed for an organ of one species to the same organ of another 
species mthout further testing 


SUMMART 

1 A procedure for the determination of the argmase activity of homog- 
enates of tissue nas developed from previously reported knowledge of the 
behavnor of this enzyme and was apphed to the estimation of the activity 
of the liver, kidney, and epidermis of the Smss mouse and of a transplant- 
able squamous cell carcinoma onginally derived from the epidermis by the 
application of methylcholanthrene 

2 The argmase activity of dilute homogenates of the abov e tissues was 
increased by the addition of Mn++ and was further increased by heatmg 
at 50* m the presence of Mn"^ 

3 Tlic activity was proportional to the quantity of tissue emplojcd and 
the rate of the reaction was constant under suitablj chosen conditiohs 

' 4 Tlie liver had the greatest activity, with the carcinoma, epidermis, 

'' and kidney following in that order 
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5 The injection of arginine had no significant effect on arginase activity 
of hvei, ladney, oi epidermis in the mouse 
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THE INACTIVATION OF STREPTOMYCIN BY CYANATE* 

By ROBERT J FITZGERALD 

{From the Department of Physiology and Pharmacology, DuJ e University 
School of Medicine, Durham, North Carolina) 

(Received for publication, June 30, 1948) 

The reversal of the bactenostatic action of streptomycin for certam myco- 
bactena as well as Escherichia call by urea has been the subject of a pre- 
hminary note by Fitzgerald and Bemheim (1) At that time the possibihty 
was considered that urea was being directly assimilated by the orgamsms 
Subsequent work to elucidate the nature of this phenomenon has revealed 
that the agent which causes the reversal of streptomycin is most probably 
not urea but some product formed when urea is autoclaved m the medium 
The purpose of this paper is to present the experimental evidence for this 
conclusion as well as information on the possible nature of the active re* 
verser and its mode of action 

Methods 

The expenments were done with Mycobacterium tuberculosis 607 grown 
in the Tween medium of Dubos (2) The medium was dispensed m a final 
volume of 10 cc in test-tubes 1 mch in diameter and suitable for use in the 
Evelyn photoelectnc colonmeter The inoculum consisted of 0 5 cc of 
a 1 20 dilution of a 48 to 72 hour culture which was adjusted to a standard 
density pnor to dilution All tests were run at 37° Ammoma deter- 
minations were done by a modified method of Van Slyke and Cullen (3) 
and urea determinations were done by the method of Ormsby (4) Stock 
1 per cent solutions of urea were made in 0 05 m phosphate buffer at pH 7 0 
and appropnate dilutions made m the medium pnor to stenhzation by auto- 
claving at 122° for 10 minutes Onginally this procedure was followed 
routinely, since only about 10 to 20 per cent of the urea was decomposed 
by this treatment 

The streptomycin w as added aseptically from suitable dilutions of a stock 
solution of streptomycin sulfate (Vhnthrop) in stenle distilled water which 
contained 100,000 y of streptomycin per ml Growth was followed tur- 
bidunetncallj’' be means of an Evcljm colonmeter with a No 660 filter 

EXPEmMENTAL 

Tlie effect of vanous concentrations of urea autocla^ ed m Dubos medium 
‘ on the bactenostatic action of 100 y per cent of streptomycin is shown in 

) * jVidcd l)j a grant from the Duke Unucrsitj Research Council 
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Fig 1 Under the test conditions the giowth of Mycohaclerium iubercvlom 
607 IS inhibited by 10 0 7 per cent of the drug, while m the presence of 12 0 
mg per cent of urea appreciable growth occurs with 100 0 7 per cent of 
streptomycin Subcultures from the urea-streptomycin tubes onto veal 
infusion-glycerin agar containing vanous concentrations of streptomycin 
revealed that the sensitivity of these organisms to the drug was the same 
as the controls In other words the organisms growing in the urea-strepto- 
mycin tubes had not become streptomycin-fast in spite of the fact that 



Fig 1 The efifect of urea concentration on the bactenostasis of Mycobaclcnwn 
tuberculosis C07 by 100 0 7 per cent of streptomycin 


under normal conditions M tuberculosis 607 can rapidly develop resistance 
to this drug The urea concentration of the medium decreases wth growth 
of the organisms and, since similar results could be obtained with Eschen- 
clna coll 6522 which presumably contained no urease, the possibility was 
considered that urea was being assimilated directly by tlie orgamsms 
However, it was found that any loss of urea could be accounted for by 
accumulation of ammonia in the medium Subsequent studies showed 
that M tuberculosis 607, M tuberculosis BCG 8240, and the H37RV strain 
of M tuberculosis, as well as E coh 6522, all possessed defimte urease/ 
activity ' 
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Furthermore it was found that no reversal of streptomycin occurred 
when the urea was stenbzed by filtration through Seitz pads or sintered 
glass filters and added aseptically to the medium This would indicate that 
the active reverser is produced as a result of autoclavmg the urea In 
order to determine the conditions necessary for the formation of the re- 
reverser, urea was autoclaved separately m distilled water and also together 
mth vanous components of the medium pnor to addition to the test 
medium The results of such an expenment are shown in Table I from 
which it may be seen that the most effective reversal of streptomycin occurs 
when the urea is autoclaved m the complete medium 


Table I 

Reversal of Streptomycin by Urea Previously Autoclaved With Different Constituents of 

Dubos Medium 


Supplement* 

Stieptoroyon j 

[ Denaty, (2 - log D X 100 

26 bn 

«hr3 

JO hrs 

Urea and phosphates 

1 per unt \ 

100 

00 

00 

24 


50 ; 

00 

24 i 

6.9 

“ citrates, and MgSO*- 

100 

09 

14 1 

67 

THeO 

50 

24 

67 

8.3 

Urea and complete medium 

100 

31 

04 

80 


50 

34 

73 

86 

“ " distilled water 

100 

00 

00 

44 


50 

00 

00 

00 

Streptomycin control 

100 

00 

00 

00 


50 

00 

00 

00 


5 

00 

09 

1 74 

Control 

0 

26 

88 

13 7 


* Unless otbcniisc indicated, each tube contained the cquualent of 100 rag per 
cent of urea (before autoclaving) The vanous supplements as well as the complete 
medium were autoclav ed for 10 minutes at 122® 


To establish somewhat more precisely the conditions for the formation 
of the reverser samples of the urea-contaimng medium nere boiled for 10 
minutes or autoclaved for vanous penods of time Neither boihng for 10 
minutes nor autoclaving for 1 minute gave nse to any reterser Best 
results were obtained when the urea-confaimng medium uas autoclated 
for from 5 to 15 minutes Groivth m media mth urea autoclat ed for longer 
penods vas not optimal, presumably due to the pH changes resulting from 
accumulation of ammonia 

Removal of the residual urea after it had been autoclaved m the medium 
^nas accomplished by addition of punfied urease (Squibb) It could be 
'shown after such treatment that the reverser was still present 
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A number of compounds that could be considered related to or derived 
from urea were tested as possible reversers These included ammonium 
carbonate, ammomum carbamate, biuret, guanidine hydrochloiide, thi- 
ourea, sodium cyamde, sodium thiocyanate, and potassium cyanate All 
the compounds weie made up in 0 05 M phosphate buffer at pH 7 0 and 
sterilized by Seitz filtration Additions were made to the test mixtures 
from appropnate dilutions m Dubos medium None of these compounds 
could function as a reverser, with the exception of potassium cyanate 



Fig 2 Companson of urea autoclaved in the medium and potassium cyanate 
added aseptically as reversers of streptomycin 

Fig 2 shows a companson of potassium cyanate added aseptically and urea 
autoclaved m the medium as streptomycin reversers The cyanate has the 
greater activity, being approximately 10 times as effective as tlie auto- 
claved urea in counteracting the bacteriostatic effect of streptomycin on 
Mycobacterium tuberculosis 607 Similar results were obtained ivith Esch- 
enchia coli 6522 m the medium of Kohn and Hams (5), and a laboiatory 
strain of Staphylococcus aureus m Difco nutnent broth When the cyanate 
was autoclaved in the medium most of its abihty to reveise stieptomycin 
was lost 

Cyanate is probably not utilized by these organisms because concentia-/ 
tions above 10 mg per cent inhibit groivth It seemed piobable therefore' 
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that cyanate was reacting mth the streptomycin molecule If this were 
so, cyanate added to washed suspensions of mycobactena should counteract 
the inhibitory effect of streptomycm on the formation of the adaptive 
enzyme for benzoic acid (6) Expenments were done ivith Mycobaclenum 
tubercnloszs 607 and 31 ycobacienum hclicola 1 0 mg of potassium cyanate 
completely prevented the inhibition of enzyme formation by 0 2 mg of 
streptomycm Since cyanate alone inhibits the oxygen uptake imder 
these conditions it probably is not metabolized This expenment radi- 
cates therefore that cyanate reacts with the streptomycin molecule Be- 
cause of the abihty of cyanate to react with ammo groups, it is probable 
that it combines with these groups in streptomycm 

DISCUSSION 

The inhibition of the bactenostatic effect of streptomycm by urea auto- 
claved in Dubos medium is most probably due to formation of some new 
compound, since urea itself does not possess this property Salt effects on 
streptomycin are ruled out because comparable concentrations of ammo- 
luura carbonate or ammomum carbamate are inactive Of the compounds 
tested potassium cyanate is the only one which meets the requirements of 
the hypothetical compound in that it reverses streptomycm and small 
amounts of cyanates may be formed by autoclavmg urea solutions 

In view of the fact that cyanate does not seem to be a normal metabohte 
of Mycobaclcnvm tuberculosis 607 and may actually inhibit its growth and 
metabolic activity it is probable that it reacts with the streptomycm mole- 
cule Although the nature of this reaction has not been elucidated, the 
reactivity of cyanates with free amino groups and the presence of these 
groups m the streptamine portion of the molecule suggest that this is the 
point of attack Donovick cl al (7) have already demonstrated that strep- 
tomjem may be inactivated by certain carbonyl reagents such as semi- 
carbazide, thioscmicarbazide, and hydroxjdamme vhich presumably act 
upon the cirbohjdrate portion of the molecule It vould appear from the 
results herein presented that the free anuno groups of streptomj cm are also 
cssenlnl for antibiotic activity 


STBIMARX 

1 fflicn urea is autoclaved m Dubos medium a product is formed vhich 
blocks the bactenostatic action of streptomjcin 

2 Of the substances tested cyanate is the only one vhich satisfies the 
charactcnstics of this rex erser 

3 Cjanatc probably inactixatcs streptomjcin directly, possiblj bj com- 
bining mth its free ammo groups 
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THE EEDUCTION OF COZYMASE BY SODIUM BOROHYDRIDE* 
Bi MARTIN B MATHEWS 

(from the Deparlmenl of Chemtslry, UnivcTstiy of Chicago, Chicago) 
(Received for publication, June 23, 1948) 

Cozymase (diphosphopyndine nucleotide, DPN) has been assayed by a 
vanety of biochemical and chemical methods (1) Among the simplest 
procedures has been the determination of the h^t absorption of reduced 
DPN at 340 m^i after reduction by sodium hydrosulfite Smce'special pre- 
cautions are required to remove completely the excess reducmg agent which 
absorbs m this region, it appeared advantageous to find another reducmg 
agent which could be employed for the same purpose with greater ease 

A study of the action of sodium borohydnde (NaBH4) on DPN revealed 
that it filled the necessary requirements The mam advantage of this new 
reagent hes m its absence of h^t absorption at 340 mp Spectrophoto- 
metnc measurement of DPN reduced by NaBHi may therefore be made 
without removal of excess reagent The assay procedure together with 
some observations on the properties of the reduction product will be 
descnbed m this commumcation 

EXPERIMENTAL 

Reagents — Sodium borohydnde was obtained as a white powder of 
approximately 95 per cent punty ’ Its preparation and some of its proper- 
ties have been previously descnbed (2) In water solution, NaBHi hy- 
drolyzes slowly according to the equation NaEH* -f 2HaO — » Na+ -f 
BOr + 4H, 

This reagent was selected from a vanety of available metallo hydndes 
because it shows a moderate stabihty in water solution The rate of 
hydrolysis was determmed approximately by titratmg NaBHi with iodine, 
and it was ascertained that a 0 1 per cent solution in distilled water was 
completely hydrolyzed m 1 mmute at 100®, but that at 4° only about 10 
per cent of the available reducing ability of a 5 per cent solution was lost 
per day These properties make it possible to destroy excess reagent 
completelj when this is necessary, and also to prepare the reagent for use 
as a solution which may be kept m the cold for several hours 

CozjTnase was purchased from the Schwarz Laboratones Solid dihy- 
drocozymase was prepared according to Ohlmeyer (3) The assay of DPN 

* This in\cstiptition \mis aided b% a grant from the Rockefeller Foundation 
\ ' Kindh furnished bi Mbert Stewart, Chemistrv Department, Bnneraitj of 
'Chicago 
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With sodium hydrosulfite was earned out according to the procedure used 
by LePage (4) 

All spectrophotometric measurements were made with a Beclonan quartz 
spectrophotometer, model DU 

Assay of DPN mill NaBHi — ^The assay of DPN is accomplished by 
adding about 2 mg of NaBHi (as solid or in solution) to 3 0 cc of 0 1 m 
phosphate buffer, pH 7 0, containing about 0 5 mg of DPN These con- 
ditions are suitable for cells of 1 cm width commonly used -with the Beck- 
man spectrophotometei About 1 minute is allowed for the reduction 
Duiing this time the solution is shaken gently to aid lemoval of hydrogen 
formed by hydrolysis of the reagent The optical density is then meas- 
uied at once Interfeience with the measurement by gas bubbles can 
readily be avoided by pioper tilting of the cuvette immediatelj’- befoie 
the reading is made Phosphate buffer may be used as a blank, but cor- 
rections must of course be made for any light absorption by impunties in 
the unreduced DPN preparation - 


Table I 

Assarj of Cozymase Prepaiattons 



Per cent purity* 


Lot 1 

Lot 2 

B}' reduction with sodium hydrosulfite (LePage (4)) 

37 6 ± 0 4 

40 5 ± 1 0 

“ " “ “ borohydride, spectropho- 

tometric 

38 1 ± 0 2 

39 9 ± 0 8 

By reduction with sodium borohydride, iodine titra- 
tion 

39 1 ± 0 5 

41 6 db 0 5 


* Data are given with the aveiage deviation from the mean of two or more de- 
terminations 


The validity of the method rests upon the fact that the spectmm of the 
reduction product is identical ivith that obtained ivith sodium hydrosulfite 
for the region 330 to 400 my The absorption band ivith a peak at 265 mp, 
chaiacteiistic also of adenine deiivatives piesent as impunties in the DPN 
preparations used, was not appieciably changed by NaBHi Table I 

2 It IS necessary to use a buffer of pH 7 0, since the reduction of DPN by NaBHi in 
solutions of pH greater than 7 5 leads to the pioduction of a stable yellov color pos- 
sessing an absorption peak at 340 m^i and a smaller peak at about 420 m^ This does 
not occur at pH 7 0 to 7 1 A stable yellow product has been obtained by Adlci and 
coworkers (5) on reduction of DPN with sodium hydrosiilfite in highly alkaline 
medium It has commonly been supposed to be a semiquinoid radical (6) The 
stable yellow substance obtained upon reduction of DPN with NaBHi in media of 
pH greater than 7 5 differs considerably from the above product in absorption spec- i 
trum and w ill be reported on more fully in a subsequent communication 
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shows repTeseiitative results obtained on assaying two different DPN 
preparations spectrophotometncally, by means of both the NaBH^ and the 
hydrosulfite procedures The percentage punty was calculated from an 
extinction coefficient of 6 27 X 10® sq cm per mole at 340 ran (3) 

Table I also shows the assay values obtamed by lodme titration of the 
reduced DPN formed by NaBHx Titration of reduced DPN was earned 
out wnth 0 005 n iodine solution and starch as mdicator This method was 
first suggested by Karrer and Ringier (7) and has more recently been used 
by Drabkin (8) as a method for assaying sohd dihydrocozymase 1 mole 
of pure dihydrocozymase is quantitatively oxidized by 2 equivalents of 
iodine For the determinations reported m Table I, the reduction was 
earned out as desenbed for the spectrophotometnc assay mth a somewhat 
larger amount of the reactants, and excess NaBH^ was then removed by 
heating to 100° for 1 minute 

Biological Activity of Product — The enzymatic reoxidation of reduced 
DPN was earned out v.ath sodium pyruvate and lactic dehydrogenase 
obtained by dialysis of an extract of a pig heart acetone powder In no 
case did enzyme alone or substrate alone produce any reoxidation Re- 
duced DPN obtained by use of sodium hydrosulfite was found to be 100 per 
cent reoxidizable by lactic dehydrogenase, as was demonstrated by Green 
and Dewan (9) Under similar conditions, DPN reduced by NaBHi was 
reoxidizcd only 45 to 51 per cent Partial enzymatic reoxidation of NaBBh- 
reduced DPN low ered the absorption band mth a peak at 340 mn in the 
same proportion at each wave-length over the range of 330 to 400 m;i 
It has been earlier observed that sodium bisulfite and hydrogen cyanide 
combine mth DPN (but not mth reduced DPN) to yield addition products 
absorbing at 340 mu (10) That there was no interference from com- 
parable addition products in the reoxidation of DPN reduced bj NaBH 4 
follows from the unchanged optical density obtained on the addition of a 
completely hydrolyzed solution of NaBHh to DPN 

niscussiON 

Tlic agreement between assay values appeanng in Table I shows that 
sodium borohj dnde may be satisfactonly used for the assay of DPN ® 
Tlie products of reduction, however, though closely similar, are not en- 
tirelj identical to those obtained bj the use of sodium hj'drosulfite 
Tlic probability that reduction by sodium borohydnde produced two 
isomenc forms of dihydrocozjmase should be considered Since, as 

* In apphins XaBH, to the analvsis of tnphosphopindine nucleotide, Mr Erie 
1 Conn of the Department of Biochcmistn , Unncrsita of Chicago, has found that the 
I results arc in agreement with those obtained bi the reduction of tnphosphopjndine 
nucleotide with glucose C phosphate and Zwischcnfcrmcnt 
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pointed out by Kairer and conuikers (11), the two possible isomeric 
dihydro products would be expected to differ in ultraviolet spectrum, it 
seems more probable that sodium borohydride acts upon DPN in a more 
complex manner 


SUMMARY 

Sodium borohydnde has been apphed successfully to the assay of DPN 
Since this reagent does not absorb m the near ultraviolet and the excess is 
readily hydrolyzed to sodium borate, the new assay procedures are more 
convement than previous ones with sodium hydrosulfite However, the 
reduced products obtained are only partially enzymatically active 

I should hke to express my thanks to Professor Birgit Vennesland and to 
Professor T R Hogness for their kind criticism and encouragement dunng 
the course of this work 
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CAEBOHYDRATE METABOLISM IN HIGHER PLANTS 
I PEA ALDOLASE 
By P K STUMPF 

(from the Division of Plant Nutrition, University of California, Berkeley) 
(Received for publication, June 23, 1948) 

In recent years muscle aldolase has been studied extensively by several 
investigators (1-5) The enzyme has been ciystalhzed and its properties 
and kinetics carefully documented Little attention, however, has been 
paid to its counterpart m plant tissue Although its presence m plants has 
been mdicated by several workers, namely Baba (6), Allen (7), and James 
el al (8), its properties, kinetics, and biological function have not as yet 
been analyzed 

The purpose of this commumcation is to present such data for a plant 
aldolase isolated from the pea seed Subsequent communications will deal 
with the distnbution and biological role of aldolase in higher plants and 
other key enzymes involved m carbohydrate metabohsm in higher plants 

PrepaTahon. and Properties 

For the most part pea seeds (Dwarf Telephone) were employed as the 
source for the enzyme, though squash seeds were also found suitable The 
enzyme was readily extracted from pea seeds, which bad been soaked for 12 
hours m distilled water at 2°, with 0 1 per cent potassium carbonate as 
the extracting solvent The extract was then subjected to (1) ammomum 
sulfate fractionation, (2) isoelectnc precipitation with dilute acetic acid 
at pH 5 5, by which procedure much inert protein was precipitated, while 
aldolase remained in solution, and finally (3) acetone fractionation followed 
by dialysis and a final isoelectnc precipitation The details of the punfica- 
tion procedure are summanzed m Table I and discussed in the ex-pen- 
mental section 

Enzyme activity was measured by the cyamde-fixing method of Herbert 
ct al (1), in W’hich the tnose phosphates, formed from the scission of 
fructose diphosphate, react with cyamde to peld cyanohj'dnns Tnose 
phosphate P was then estimated after hydrolysis by ex*posure to strong 
alkali for 20 minutes at 20° Tlie enzyme umt employed in this imesti- 
gation differed from others, since pea aldolase does not haxc the high 
specific actmtj of its counterpart in animal tissue Tlierefore, in establish- 
ing a reproducible umt, the amount of alkali-labile P released has been 
decreased 10-fold, while the time penod was increased from 3 to 10 minutes 
Tlie umt mai then be defined as the amount of enzyme required to liberate 
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0 1 mg of inorganic P equivalent to triose phosphate in 10 minutes at 30° 
in a 0 1 M veronal buffer of pH 8 5 m an excess of fructose diphosphate and 
cyanide Other carbonyl fixatives, such as bisulfite, hydrazine, and semi- 
carbazide, in final concentrations equivalent to that of cyanide (0 08 m) can 
be employed Hydroxylamine was unsatisfactory because it inhibited al- 
dolase completely in a 0 01 m final concentration 

The final enzyme fraction of highest punty (Fraction Bs) is a watei -clear 
solution mth no isomerase activity Since the imtial extract contained 
0 06 unit per mg of protein and the final preparation 5 5 units per mg of 


Table I 

Punficalton of Pea Aldolase 


Fraction 

Fun6cation procedure 

Total 

units 

Units 
per mg 
protein 

Evtract 


460 

0 06 

I 

Neutral saturated (NHOeSOr to 35% saturation 

43 ; 

0 007 

II 

! t< ti (t tt 7 Q^ (f 

341 

on 


H dialyzed 5 hrs against distilled water at 50° 



Ha 

Neutral saturated (NH 4 )sSO< to 40% saturation 

14 

0 03 

Ilb 

“ « “ •• 51% “ 

98 

0 14 

lie 

,1 « » 01 ^ c, 

165 

0 19 

Ild 

<• “ » “ 70% “ 

34 

0 07 


He dialyzed overnight against distilled water 



He, residue 
“ superna- 

Ppt 'With 1% acetic acid to pH 5 5 

6 

155 

0 04 

0 25 

tant (A) 

A 

Acetone added to 55% 

5 

0 08 

B 

" ” “ 62% 

135 

0 32 

C 

“ “ “ 72% 

B dialyzed overnight 

2 


B, residue 
“ supernatant 

Ppt with 1 % acetic acid to pH 5 5 

8 

97 : 

on 

5 50 

(Fraction Bs) 





protein, the degree of purification relative to the first extract is 5 5/0 06 
or 92-fold 1 mg of protein (Fraction Bs) forms 3 3 mg of tnose phosphate 
P per hour or 18 1 mg of triose phosphate per hour under standard con- 
ditions at 30° 

The enzyme is strongly adsoibed on alumina C y All attempts to elute 
with dilute alkaline solutions, including veronal buffeis, sodium bicai- 
bonate, and ammoniacal ammomum sulfate, failed Some attempts vere 
made to induce crystallization by the techmques descnbed recently by 
Taylor el al (3), but without success 

The enzj^me is a rather stable protein Solutions of the enzjone can be 
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frozen and stored indefinitely without loss of activity Dialysis in the cold 
agamst distilled water resulted m no loss, though dialysis at room temper- 
ature did eause appreciable loss It is unstable below pH 5 5 and above 10, 
but stable within these ranges Orgamc solvents, such as acetone or al- 
cohol, did not alter its stabihty 

Exposure of a neutral solution of the enzyme for 5 minutes at 45° caused 
no inactivation However, at 50° a 4 per cent loss was observed, at 55° a 
70 per cent loss, and at 60° complete inactivation occurred 



Tio 1 Effect of time on decomposition of hcxosc diphosphate Each tube con- 
tained 1 0 cc of cnzjTnc (Fraction Bs), 0 5 cc of 0 1 m veronal buffer at pH 8 5, and 0 1 
cc of 0 I \t hovose diphosphate 4t a given time Dice of 2 m cj anide at pH 8 5 was 
added Temperature 31° 

Reaction — Pea aldolase catalyzes the reversible reaction 

(1) Fructose diphosphate pi dihj droxj acetone phosphate -F 

d- 3 glj ccraldohi de phosphate 

Tlic re\ crsible nature of this reaction is illustrated m Fig 1 Equilib- 
num i\as attained in approximatclj 10 minutes Addition of cyanide to 
the reaction mixture fixed the tnosc phosphates and thus the reaction ttas 
shifted completelj to the nght Within 70 minutes liexose diphosphate 
Mas qiiantitatu cl> comerted to an equimolar mixture of dihx droxj acetone 
phosphate and n-3-glj ceraldclij do phosphate 
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Iodine oxidation expenments mth equihbnum mixtures demonstrated 
that equimolai mixtures of the tnose phosphates were formed Therefore 
it may be concluded that isomerase was absent from the enzyme prepa- 
rations employed m equihbnum studies Although both tnose phosphates 
are unstable m stiong alkali, iodine oxidation converts D-3-glyceraldehyde 
phosphate, but not dihydroxyacetone phosphate, to the very stable phos- 
phoglyceiic acid Thus, aftei iodine oxidation of an equihbnum mixture, 
if no isomeiase is present, the alkali-labile phosphate, denved now solely 
from the degiadation of dihydroxyacetone phosphate, should fall to 50 per 
cent or less of the onginal alkah-labile phosphate Expenmentally, after 
iodine oxidation of different equihbnum mnxtures, a decrease of from 50 to 
70 per cent of the ongmal total alkah-Iabile phosphate was consistently 
observed 

The equihbnum constant K was therefore estimated from the equation 

^ (j tnose phospbate)- 
(fructose diphosphate) 

and was found to be about 1 15 X 10~^ moleperhterat3l° (in borate buffer 
at pH 8 5), which is somewhat higher than that of animal aldolase which is 
about 0 9 X 10“^ mole per liter at 31° (1, 2) ’ As summanzed in Table II, 
the equihbnum is shifted to the nght with an increase in temperature and 
therefore follows the van’t Hoff law of reaction isochores 

Pea aldolase like animal aldolase exhibits the same high substrate 
specificity in that only fructose-1, 6-diphosphate is broken down to the 
tnose phosphates The monophosphates of glucose, glucose-l-phosphate 
and glucose-6-phosphate, and the monophosphate of fructose, fructose-6- 
phosphate, are inert in the enzyme system 

The pH optimum, shown in Fig 2, is approximately 8 5 in 0 1 M veronal 
buffer Since the enzyme protein is unstable m the higher as well as in the 
lower pH ranges (above pH 10 and below pH 5), the fall m activity is due 
to a destruction of the enzyme protein rather than to a reversible decrease 
in enzyme activity In setting up the pH dependence curve, all pH 
adjustments of reaction mixtures were controlled with the Beckman pH 
meter 

Figs 3 and 4 indicate the i elation of enzyme activity to enz3mie concen- 

> The slight discrepancy between the observed K values for pea aldolase and the 
values cited for the animal aldolase could not be reconciled despite the following 
considerations (o) since isomerase is absent, the differences observed could not be 
caused by K measurements of two reactions, catalyzed by aldolase and isomerase, (6) 
phosphatase is absent since no inorganic P is detected in reaction mixtures, (c) 
though borate buffers at pH 8 5 were employed, buffers of pH 7 3 used by Meyerhof 
and Herbert gave similar results, (d) experiments with muscle aldolase gave K values 
ivhich checked closely with values in the literature 



/y« /a hm 


P K STtJMPr 


237 


Tabie II 


Aldolase Equilibrium* at Different Temperatures 


Enrymc 

Tcmptralutc 

Tvmt 

Eeiose diphos- 
phate fica) 

Tnose phos 
phale iormed 

K 

K (mean) 

cc 

c 

yntn 

uy.io-1 

uXtO-i 

uXio-i 
ptr 1 

UXIO-* 
fer i 

05 

\ 31 

20 

383 

140 

128 


05 


20 

8 03 

2 06 

132 


05 1 


40 

801 

21 

137 


05 


30 

6 27 

142 

080 


05 


20 

407 

146 1 

131 


10 


20 

405 

150 

139 


06 


30 

39 

12 

0 92 

115 

06 

22 

40 

3 94 

118 

088 


10 


40 

3 92 

122 

0 95 

0 91 

10 

40 

20 

323 

26 

S25 


10 


40 

703 

4 07 

5 87 

5 56 


• In 0 I M borate buffer at pH 8 5 



cnij mo, 0 5 cc of 0 I ii hcxose diphosphate, 1 cc of 0 1 v! veronal buffer, and 1 cc 
of 0 25 u c> atude, the reaction mixture being adjusted to the desired pH 0 1 si 
neciatc buffer eras cmploj cd for the value at pH 5 4 Temperature 31* 
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tration and substrate concentration, respectively From Fig 4, the is 
approximately 0 8 X 10~^ mole per litei, which suggests that pea aldolase 
has an affinity for the substiate some 10-fold greater than that of ammal 
aldolase, which has a Km of about 9 X lO-® mole 
In shaip contrast to the ammal enzyme (1, 4), pea aldolase is not very 
sensitive to heavy metal inhibition Thus m a final concentiation of 10“^ 
M, copper suFate, mercunc acetate, phenylmercuiic acetate, and silver 
mtrate did not inhibit the enzyme Further, m a final concentration of 



Fig 3 Roaction velocity as a function of enz 3 "me concentration Each tube 
contained 0 5 cc of 0 1 m hc\ose diphosphate, 1 cc of 0 1 m \eronal buffer at pH 8 5, 
1 cc of 0 25 M cyanide at pH S 5, vaiying concentrations of enzyme, and watei to a 
final volume of 4 5 cc Temperature 31° 

10"^ M lodoacetamide, fiuoride, indoleacetate, and azide as well as a satu- 
lated solution of capryl alcohol and 10“^ n iodine gave no inliibition 
Cysteine, a , a'-dipyridyl, and cyamde, con ti ary to the obseiwations of 
Warburg and Christian \vith yeast aldolase (5), did not inhibit theenzjme 
Several compounds which might be considered as possible competitive 
inliibitors for the active center of the enzyme were examined In final con- 
centiations of 10”^ M, glucose, fractose, glucose-l-phosphate, glucose-6- 
phosphate, fructose-G-phosphate, i3-glyceiophosphate, and pyruvic acid did 
not cause any decrease in the late of fructose diphosphate decomposition 
Of the several carbonyl reagents tested, cyamde, bisulfite, semicarbazide, 
hydrazine (adjusted to a final pH of 8 5) in a final concentration of 8 X 10"^ 
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M were equivalent in their fixative capacity Hydroxylamme, however, 
n as the only exception, since it acted as an inhibitor of the en 2 yine Thus 
in a final concentration of 10“= m, the reagent inhibited the enzyme 100 per 
cent, in 10“* u, 55 per cent, and m lO"^ M, only 14 per cent Since divalent 
cations such as cobalt, zinc, magnesium, and manganese did not reverse the 
inhibition, the nature of the inhibition was probably not related to the for- 
mation of a metal-reagent-enzyme complex 



F/?i/sros’£-/ 

Fiq 4 Reaction velocity as a function of substrate concentration Each tubo 
contained 0 5 co of enzjTne, 1 cc of 0 25 m cyanide, 1 cc of 0 1 m veronal buffer at pH 
8 5, increasing concentrations of 0 1 m hexose diphosphate, and water to a final volume 
of 3 5 cc Temperature 31° 

Attempts to resolve the enzyme into a protein moiety and a specific 
prosthetic group were unsuccessful After dialysis for 12 hours at 2“ 
against 10~- m acetate buffer at pH 4 5, the enzyme n as completely inactive, 
addition of either zinc, magnesium, manganese, or cobaltous ions to the 
dialyzed enzyme did not restore actmty After dialj sis for the same penod 
of lime against 0 05 per cent potassium carbonate, no loss in aclmty nas 
obsened Prolonged dialjsis against distilled natcr and exposure of the 
enzjTnc to saturated ammonium sulfate at pH 4 5 also did not 5 ueld success- 
ful results 

EXPEraXIEVTAL 

Preparation — In a tj-pical purification procedure, 25 gm of pea seeds 
(Dnarf Telephone), after soalang oienught at 2° m an equal xolume of 
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distilled water, were suspended in 10 volumes of cold 0 1 per cent potassium 
carbonate and dispersed in a Wanng blendor for 5 minutes The larger 
particles were removed by passing the extract through several layers of 
moist cheese-cloth Punfication procedures were then employed, as out- 
hned in Table I 

In ammomum sulfate fractionation, neutralized saturated ammomum 
sulfate rather than unneutralized or solid ammomum sulfate was employed 
and found to give higher yields Since long penods of gravity filtration of 
ammomum suKate precipitation at room temperature resulted in some loss 
of enzyme, all separations were therefore carried out in the cold by centn- 
fuging in the International refngerated model No 1 Rapid isoelectnc 
precipitations vnth 1 per cent acetic acid at 0° to pH 5 5 were essential, 
since even short exposure to pH lower than 5 5 led to irreversible 
inactivation 

All attempts to cariy purification beyond the stage of 5 5 umts pei mg 
of protein were discontinued, since it was consistently observed that 
addition of either saturated ammomum sulfate or acetone to the 5 5 umt 
stage did not give clear cut fractions, instead stable colloidal solutions 
formed, from which proteins could be separated only after the lemoval 
of the added leagents by dialysis, etc 

Methods of EshmaUon — Enzyme activity was estimated as follows 1 
cc of an enzyme solution, 1 cc of 0 1 M veronal buffer at pH 8 5, and 1 cc 
of 0 25 M cyamde^ in a test-tube were placed m a water bath maintained at 
30° for 10 minutes 0 5 cc of 0 1 M fructose diphosphate (also at 30°) was 
rapidly added and the reaction stopped after 10 minutes bj'- the addition 
of 5 cc of 10 per cent tnchloroacetic acid The mixture was then diluted 
to 10 cc , filtered, and 0 5 cc aliquots were made strongly alkaline by adding 
0 5 cc of 2 N NaOH After 10 minutes at room temperature, the alkaline 
mixture was neutralized and estimated for morgamc phosphate by the 
Fiske and Subbarow method (9) 0 5 cc aliquots, which were not exposed 

to alkali, were run simultaneously to correct for morgamc P blanlrs 

Iodine oxidations were conducted as follows To a 0 5 cc tnchloroacetate 
aliquot were added 1 5 cc of 10 per cent solution of sodium bicarbonate and 
0 05 cc of 1 N iodine, this was allowed to react for 10 minutes at room 
temperature 0 1 cc of N bisulfite was then added to remove excess io- 
dine and the alkah-labile phosphate was estimated as descnbed above 

Dry weights were determined by adding to tared 15 cc Pyrex centnfuge 
tubes loiown volumes of enzyme preparations Protein was precipitated 
by adding 5 cc of 10 per cent tnchloroacetic acid, the mixture was centri- 
fuged and washed two times with 10 cc of 1 per cent tnchloroacetic acid 

* At the beginning of each experiment, 0 25 m cyanide was freshly adjusted to pH 
8 5 by adding 6 n HCI nith phenolphthalem as the internal indicator 
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The precipitates in the centrifuge tubes were then dried at 80" for 12 hours 
and weighed Duplicate runs were earned out in each case 
Substrates — Commercially available hexosc diphosphates contained about 
15 per cent inorgamc phosphate (of the total phosphate) Foi routme e\- 
penments, hexose diphosphate was prepared by treating sodium hexose 
diphosphate mth magnesia mixture Such preparations were free of in- 
organic phosphate and contained 84 per cent hexose diphosphate as deter- 
mined en 2 ymatically Purer samples of the substrate were obtained for 
equihbnum and resolution experiments by prepanng the acid banum salt 
by the procedure of Neuberg et al (10) Such preparations were free of 
morgamc phosphate and were found to contain 98 per cent hexose diphos- 
phate by aldolase analysis Banum fructose-6-phosphate was prepared 
by the method of Neuberg et al (10), potassium glucose-l-phosphate by a 
modihed method of Sumner and Somers (11) We are indebted to Dr W 
Z Hassid for a generous sample of synthetic potassium glucose-6-phos- 
phate 


SOMMAKT 

An aldolase has been isolated from peas and has been punfied some 92 
times Its properties, kinetics, and equihbnum constant have been 
studied and compared with muscle aldolase Effects of inhibitors have 
also been investigated 
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THE EFFECT OF CRYSTALLINE ADRENAL CORTICAL STER- 
OIDS DI.THYROXINE, AND EPINEPHRINE ON THE ALIU- 
LINe' and acid phosphatases AND ARGINASE OF THE 
LIVER AND KIDNEY OF THE NORMAL ADULT RAT* 

By CHARLES D KOCHARIAN and MARY N BARTLETT 

(From the Department oj Physiology and Vital Economics, School of Medicine and 
Dentistry, The Vniversily of Rothesler, Rochesler, Neia YotL) 

(Received for publication, May 7, 1948) 

Aqueous adrenal cortical extract (Upjohn), but not desoxycorticosterone 
acetate, produces a remarkable increase m the “alkalme” phosphatase of 
the liver of the adrenalectomized rat (1-3) This effect is apparently 
related to glyconeogenesis from endogenous protem (4) The extract, 
however, contams in addition to the Cu steroids many other substances 
mcludmg epmephnne* (less than 1 800,000), which is able to mcrease liver 
glycogen with lactic acid as a precursor It became unportant, therefore, 
to determine whether this enzyme phenomenon was a specific property of 
Cn adrenal cortical steroids and also to obtain information as to m what 
phase m the glyconeogemc process this enzyme was involved As a means 
to these ends, a comparison has been made of the effect of aqueous adrenal 
cortical extract vnth a crystallme mixture of hog adrenal cortical steroids 
(Upjohn’s lipoextract),* 11-dehydrocorticosterone acetate (Merck, syn- 
thetic),® and epmephrme Furthermore, a study ivith thyroxme has been 
mcluded because it is known to accelerate glycogenolysis due to an mcrease 
m energy demands 

At the same time the argmase activity of the liver was studied m order 
to obtain further mformation as to the apparent discrepancy between the 
mcrease observed by Fraenkel-Conrat d al (5) and the lack of mcrease 
noted m this laboratory (4) after administration of adrenal cortical extracts 
to adrenalectomized rats 

Procedure 

Male rats of the Sprague-Dawley stram were placed m mdmdual cages 
m an air-conditioned room at 25 5-26 6° and fed 10 gm per day of a pre- 

* This in\ cstigation was aided by grants from the Josiah Macy, Jr , Foundation 
‘ Personal eommunication, Dr D J Ingle, The Upjohn Company 
’The Iipooxtract (Research No 8120) was provided by Dr M H Kuizenga of 
The Upjolin Companj on June 21, 1943, and was kept at room temperature The 
experiments in this paper were carried out on February 16, 1948 

’The synthetic U dehydrocorticosterone acetate was provided by Merck and 
Company on December 19, 1947, and dissolved at 5 mg per ml in sesame oil con 
taming 10 per cent benzyl alcohol 
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paiecl diet composed of casein IG 7, suciose 61 2, lij^diogenated legelablc 
oil 7 4, yeast (Fleischmann’s 2019) 9 2, Cellu flour 1 S, Wesson’s salt mixture 
3 7 (6), and as a daily supplement 1 drop of cod liver oil and 1 diop of a 34 
per cent tocopherol concentrate of vheat germ oil'' diluted 10-fold vith 
Wesson oil The rats vere kept 3 to 4 vecks on this regimen before the 
experiments vere carried out 

The adrenal cortical hormones were administered accordmg to the pro- 
cedure of Remecke and Kendall (7) The epmephrme was mjected 1 hour 
before autopsy as a single 0 05 ml subcutaneous dose of a 1 1000 commer- 
cial preparation of the hydrochloride (Paike, Davis and Company) The 
DL-thyroxme (Roche-Organon, synthetic) was dissolved m a small amount 
of 0 02 N sodium hydroxide and then made to 2 5 mg per ml with water 
The rats lost weight rapidly with the mitial dose during the first 3 days, 
therefore, the amount was reduced to 0 25 mg per day for the remammg 
2 days The last injection was made 24 hours before autopsy 
At the end of the experiments the animals were anesthetized by the intra- 
pentoneal injection of 0 3 ml of dial-urethane,® and the liver was removed 
and rapidly weighed on a Roller Smith torsion balance The left segment 
of the median lobe was used for the enzyme studies (2, 4) The remainder 
M as placed immediately into 5 ml of hot 30 pei cent potassium hydroxide 
and analyzed for glycogen by the Good-I^ramer-Somogyi technique (8), 
except that the hydrolyzed glycogen was neutralized to phenolphthalem 
(9) The recently modified Somogyi method (10) was used to deteimine 
the reducing substance and the results are expressed as glucose 
The Icidneys were removed, weighed, and the left one used for the enzyme 
studies 

The mtiogen content of the organs of the rats treated with DL-thyroxme 
and epinephrine was determmed by the micro-Kjeldahl technique on ali- 
quots of the enzyme homogenates 

Results 

Adrenal Corheal Hormone {Table I ) — There was the expected formation 
of liver glycogen under the stimulation of these hormone pieparations 
The most effective material in the doses used vas the hpoextract, then the 
aqueous extract, and finally the synthetic 11-dehydiocoiticosterone acetate 
The “alkaline” phosphatase of the livei was gicatly increased and to appiox- 
imatcly the same extent foi each adienal coitical piepaiation Thcie vas 
no paiallelism vith the degiee of gWconeogcnesis 
The arginase actnity and also the “acid” phosphatase of the livei wcie 
not significant! j altcicd 

< The \\heat germ oil concentrate vas provided by Distillation Products, Inc , 
through the courtesj of Dr P L Harris 

‘ The dial -urethane was provided by Ciba Pharmaceutical Products, Inc 
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Epinephrine {Table //)— The injection of epinephrine produced ivithin 
1 hour a tremendous deposition of glycogen in the liver of rats fasted for 18 

Table I 

Efecl of Cu Adrenal Corheal Steroids on Composition and Enzymes of Livers of Male 

Rale {m to ess gm ) 


Each group consisted of four rats 



Bose 

Liver 

Glycogen 

total 

"AlUlme ^ 
phospHa 
tase* 

Argmase 





units per 
gm per 

units per 
gm per 
centt 

Control 

i 


22 


(11,690) 

Adrenal cortical extraetj 

8 X 1 ml per hr 

ExS 

118 


-24 

Lipoextract§ 

8 X 0 5 ml per hr 

7060 

154 


-17 

11 Dehydrocorticos- 
terone acetate (syn- 
thetic) || 

8 X 1 mg per hr 

6270 

46 

4-171 i 

-11 


• No effect on "acid” phosphatase of liver or enzymes of kidney 
t Per cent change from control values which are given in parentheses 
t Aqueous, Upjohn 

§ Lipoextract = Upjohn's adrenal cortical extract 1 ml is equivalent to 2 mg 
of ll-dehydro-17 hydroxyoorticosterone 

{{ Dissolved at 5 mg per ml in sesame oil containing 10 per cent benzyl alcohol 

Table II 


Effect of Epinephrine and Thyroxine on Composition and Enzymes of Livers of 

Male Rats 

Each group consisted of five rats 



Dose 

1 

1 ^ 
te 

o ^ 
!« 

1 

w 

1 s 
i ^ 

a 

85 

O 

Nitrogen 

total 

"Alkaline” 

phospha 

tase 

Argmase 



gm 

mg 

mg 

mt 

per 

cent 

units Per 
gm per 
cent* 

units per 
gm per 
cent* 

Control 

Epinephrine 

0 05 mg t 

m 

B 


298 

279 

3 63 
2 95 

(3 0) 
-5 

(11,310) 

-24 

nn-Thyroxine 

fs X 0 5 mg per day 1 
(2 X 0 25 mg per day/ 

2881 


7 

284 

3 71; 

-33 

-i-3 


* Per cent change from controls which are given in parentheses 
t The autopsy was performed I hour after injection 
t The body weight was 278 gm at autopsy 


hours, tshich was accompanied by a proportionate decrease m the per cent 
but not total nitrogen (protem) content 
The arginase and “alkaline” phosphatase were not significantly altered 
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’D'L-Thyroxinc (Table II) — The animals mjected with thyioxme lost 10 
gm of then bod)’’ ■weight AMth a slight but not significant increase in uimaiy 
nitrogen The liver gl 3 ’’cogen Avas extremely low but the nitiogen (piotein) 
content was compaiable vith that of the contiol rats 
The “alkaline” phosphatase was somewhat decreased, but the arginase 
AAas not affected 

The Aveight of the lodney as was expected (cf (11)) increased 22 per 
cent Part of this inciease was due piobably to fat deposition (12) The 
kidne 3 ’’s were putty-coloied It is of inteiest that the kidne 3 ’’s in ci eased 
in size while the rats Avere on a constant food intake In previous obserAxa- 
tions (11) the rats AAcre fed ad hhitum 
In all of the above experiments there was no change m the “acid” phos- 
phatase activity of the liver or any of the enzymes of the Icidney 

DISCUSSION 

The similar increases in "alkaline” phosphatase of the liver of the rat 
after administration of aqueous adrenal cortical extract,® lipoextract, and 
synthetic 11-dehydrocorticosterone acetate indicate that this phenomenon 
IS a pioperty of the S hormones of the adrenal cortex 
The inability of either epmephrme or thyroxme to influence the level of 
activity of this enzyme in the liver m spite of then marked glycogenic and 
glycogenolytic properties provides indirect evidence that the enzyme may 
be concerned Avith the endogenous protein or ammo acid phase of glycone- 
ogenesis This hypothesis gains further support from the fact that neither 
a high protein nor a high carbohydrate diet Avill produce comparable m- 
creases in the “alkaline” phosphatase of the liver (3) ^ 

The inability of any of the Cn steroid preparations to change signifi- 
cantly the arginase level of the livei of the normal lat supports the results 
obtained in the adrenalectomized rat (3, 4) These data, therefoie, provide 
fuither cAndcnce that a change in liver arginase level is not essential for 
gl 3 ’’coneogenesis fiom piotein under the stimulation of the Cn steroids as 
suggested by Fracnkcl-Conrat ct al (5, 13) Theiefore, the decrease in the 
IcAcl of this cnz 3 '’mc after adrenalectomy (5, 4, 14) and hypophyscctomy 
(13)’ must be due to some other factor or group of factois (3, 4) It is of 
immediate interest that the decrease m 1ia’'ci aiginase aftei h 3 q)oph 3 ’’sectomy 
occurs in spite of an enhanced protein catabolism ’ Fui thermore, intense 
ghcosuria and gl 3 'coneogenesis during alloxan diabetes aie not accom- 
panied b)" any change in the arginase activity of the lat In^cr ’ 

• The addition of aqueous adrenal cortical extract to the homogenate of normal 
rat liAcr does not produce an increase in the "alkaline” phosphatase activity (pre- 
liminarj experiments) 

■' Unpublished 
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The failure of thyroxine to affect liver argmase is m agreement with the 
negative results obtamed by Lightbody and Ideinman (15) It is of mter- 
est that Fraenkel-Conrat et al (13) found that the thyrotropic hormone w as 
ineffective in short term ex-penments but produced a small decrease m 
hypophysectomized rats after 10 days of treatment Similar results ivere 
obtamed ivith thyroxme 

The failure of any of the Cn steroids to mfiuence the eni^mes of the kid- 
ney of the normal rat is not surpnsing The small changes observed m the 
adrenalectomized rat (2, 4, 14) were in all probability restorative m nature 

SOTIMARX 

Aqueous (beef) adrenal cortical extract, lipoexdract (hog adrenals), and 
ll-dehydrocorticosterone acetate produced very marked mcreases m the 
“alkalme” (pH 9 8) phosphatase of the liver of fasted rats when mjected 
eight times at hourly mtervals The mcrease m enzyme activity did not 
parallel the degree of glyconeogenesis Thyroxme produced a marked 
depletion of liver glycogen and a decrease m the enzyme Epmephnne 
produced a tremendous deposition of liver glycogen but did not affect the 
activity of the enzyme 

In none of the above treatments were the activities of the argmase and 
“acid” (pH 5 4) phosphatase of the liver or the enzymes of the kidney 
altered 


BIBLIOGRAPHY 

1 Kochakmn.C D , and Vail, V N ,J Brol Chem ,166,779 (1944) 

2 Vail, V N , and Koehakian, C D , Am J Physiol , 160, 580 (1947) 

3 Koehakian, C D , in Recent progress in hormone research. Proceedings of the 

Laurentian hormone conference, New York, 1, 277 (1947) 

4 Koehakian, C D , and Vail, V N ,J Btol Chem ,169,1 (1947) 

5 Fracnkel Conrat, H , Simpson, M E , and Evans, H M , J" Biol Chem , 147, 

99 (1943) 

0 Wesson, r , Science, 76, 339 (1932) 

7 Rcincckc, R M , and Kendall, E C , Cndocnnology, 31, 573 (1942) 

8 Good, C \ , Kramer, H , and Somogjn, M , J Biol Chem , 100, 4S5 (1933) 

9 Forbes, W H , Josiah Mac>, Jr , Foundation Conference on metabolic aspects 

of convalescence, lOlh meeting, Ken York, 157 (1943) 

10 Somogvi, M,/ Biol Chem, 160, 61 (1945) 

11 MncKaj , E M , and MacKaj ,h L,J Nvtr , 4, 33 (1931) 

12 Best, C 11 , and Campbell, J , J Physiol , 92, 91 (193S) 

13 Fmonkel Conrat, H , Simpson, M E , and Evans, H M , Am J Physiol , 138, 

439 (1943) 

14 rollcj,S J , and Greenbaum, A L ,Bioehem /, 40, 40 (1946) 

15 Lightbodv, II D , and Klcinman, A , J Biol Chem , 129, 71 (1939), Proc Soc 

Pxp Biol and Med , 46, 25 (1940) 




STUDIES ON THE METABOLISM OF RADIOACTIVE 
NICOTINIC ACID AND NICOTINAMIDE IN MICE* 

By LLOYD J ROTH, EDGAR LEIFER, JOHN R HOGNESS, and 
WRIGHT H LANGHAM 

{From the Los Alamos Scientific Lahoratory of the University of California, 

Los Alamos, New Mexico) 

(Received for publication, May 21, 1948) 

The use of isotopes as tracers, both stable and radioactive, has become 
a well established techmque for the study of intermediate metabolism of 
many compounds of biological importance Recently the synthesis of 
radioactive mcotimc acid and mcotinamide (with C'^ in the carboxyl group) 
has been reported by Murray, Foreman, and Langham (1) 

In this paper the gross metabolism of radioactive mcotimc acid and 
mcotinamide in mice is discussed These results were obtained by deter- 
mimng the amount of radioactivity appearmg m the exhaled air, unne, 
feces, and tissues as a function of time, following their admimstration by 
intrapentoneal injection 


EXPERIMENTAIj 

The apparatus which was used is shown m Fig 1 Three mice were put 
into each of several cages, 0, on glass screen, K, air (dned and freed of CO 2 
by passage through dnente and ascante) was drawn into the system through 
I at a rate of approximately 500 ml per minute as determined by a flow 
meter The exhaled COj was collected in a train of three towers contaimng 
20 per cent COrfree NaOH Unne was collected in A under toluene 
Feces nere collected in B In order to minimize the contammation of unne 
and feces ivith food, D was inserted to trap most of the powdered food 
particles A single stick of mouse food 3 X 4 inches was inserted mto E 
on elevation F, which allowed animals to eat but prevented them from 
gnawng off any large particles and bnngmg them into the cage Water 
vas supplied through H Funnel C gave good separation of feces and 
unne, each relatively uncontaminated with food 

On Day 1 of the expenment 0 7 mg of radiomcotimc acid (50,000 counts 
per second) uas injected intrapentoneally into each of mne mice (Strain 
CF-1) uhich Mere then immediately put mto metabohsm cages (Fig 1) 

* This document is bssed on work performed under contract No tV -7405 eng 36 
for the Atomic Energj Project, and the information covered therein wiU appear m 
Division V of the National nuclear cnergv senes as part of the contribution of the 
l<os tlamos Laboratorv 

Presented at the IHth meeting of the American Chemical SocieU 
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A second set of nine animals was injected Avith 0 7 mg each (50,000 counts 
per second) of radiomcotinamide and similarly treated The /3 radiation 
from these injections was appiovimately 1 roentgen equivalent pei day foi 
the 1st day and much less on succeeding days because of the high axcietion 
rate Urme, feces, and CO 2 were collected at vaiious time intervals and 
activity determmed All measuiements of radioactivity weie made 
vuth the assembly desciibed by Dauben et al (2) 



Fig 1 All glass metabolism cage for collecting urine, feces, and CO 2 

The Geigei-Mullei tube used had a thin mica vundow, 5 4 cm in diameter 
and 1 7 mg per sq cm thick The tube was filled to atmospheric pies- 
suie with helium saturated ivitli alcohol at 3° 

Uiine samples were collected, diluted to 25 ml , and an aliquot plated 
directl}'' on oxidized copper disks The measuied activity was coirected 
for mass absorption vith calibration cuives developed by prepaiing plates 
of increasing amounts of biological fluids contaimng a constant amount of 
a vater solution of radioactive nicotinic acid ^ 

* Hogness, J II , Roth, L J , Leifer, E , and Langham, W , J Am Chem Soc , 
in press 
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Exhaled carbon dioxide was collected m 20 per cent NaOH and converted 
to BaCOa The BaCOj was precipitated onto oxidized copper disks, 
counted, and the results corrected for absorption by the method of Yank- 
wich el al (3) 

The feces were dried in an oven at 96°, pulverized, and an ahquot ex- 
tracted with w’ater in a micro Soxhlet apparatus More than 95 per cent 
of the C'* activity was removed m this manner An ahquot of the water 
solution wns plated directly and counted 
The data presented for unne, feces, and COj are an average for nme mice 
A second senes of mice was mjected with similar doses of radiomcotmic 
acid and radionicotmamide The animals were sacrificed at vanous time 



intervals for purposes of tissue analysis All tissues except blood were dned 
in an oven at 96°, they vere then burned by standard procedures and the 
COs formed in the combustion was absorbed in 10 per cent COj-free NaOH, 
precipitated as BaCOj, and plated onto copper disks Badioactmty was 
determined as above 

Blood samples w ere hepanruzed and centrifuged The plasma w as sepa- 
rated from the cells and the cells lakcd wath distilled water Badioactmty 
in plasma and laked cells was determined by plating the biological fluid 
dircctlj on copper disks Corrections for absorption were made according 
to speciallj de\ eloped absorption curves 

DISCUSSION 

Fig 2 shows the excretion of radioactmtj in the unne and COj for mco- 
timc acid and mcobnamide Each point represents an axerage x*alue for 




252 


METABOLISM OF NICOTINIC ACTD 


the nine animals studied m each gioup On Day 1 there is a laige excretion 
of radioactmty in both urine and CO 2 An imtial injection of 0 7 mg of 
nicotimc acid, which exceeds the normal requiiement, results m a laige 
excietion of radioactivity in the first 24 hours The decrease in the slope 
of the mine curves which occurs aftei 24 houis is piesumably due to the 
mcorpoiation of the mcotimc acid and nicotinamide into the metabolic pool 
of the animal, wheieas the mitial lapid excretion may be unmetabohzed 
injected mateiial On the other hand, the lapid initial excretion of CO 2 
lepresents normal metabolism 01 detoxification After the first 48 hours, 
when the mcotmic acid and mcotmanude are presumably in the form of 
coenzyme in the vaiious tissues, a companSon of the ratio of ladioactmty 
found in the COo and mine would indicate that from 15 to 20 per cent of the 



Fig 3 

fixed mcotimc acid 01 mcotmamide is eliminated as CO 2 If one assumes 
that the radioactive CO 2 found in the first 48 hours is due only to the normal 
metabolic piocesses, it can be concluded that the total amount of fixed 
mcotmic acid or nicotinamide is approximately 40 per cent of the injected 
dose 

It IS to be noted that the mine curves aie parallel, as are the CO 2 curves, 
indicating that mcotimc acid and nicotinamide enter into the same meta- 
bolic S 3 ’'stem This is confirmed by the results obtamed on individual 
tissue analysis 

Work on the identification of the various metabohc products in the urine 
IS in progress 

Fig 3 shows the radioactivity obtained by extracting the feces Tlie 
data are plotted as a bar graph to emphasize the irregulaiities m excretion 
Because of the low activity m the feces and the hkehhood of contanunationl 
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from the much more actne unne, it is felt that little sigmficance can be 
attached to these data If any fecal excretion of metabohtes occure it is 
quite low 

Tlie actmty in the \anous tissues resulting from uptake of the injected 
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nicotimc acid and nicotinamide was deteimined at inci easing time intervals 
by sacnficmg the animals and prepanng plates for counting as described 
above Fig 4, a through h, shows these data on a semilog plot 
The results show that the uptake of radioactive nicotinic acid oi nico- 
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tinanude vanes ■mth the different organs and is highest m kidney and lowest 
in erythrocytes No radioactivity vas found in the plasma after the first 



Fig 4,f 

24 hours Tlie avcretion half times i aiy also mth the different organs and 
arc about 4 dajs in Iner, hdnej , and spleen, 5 days in cardiac muscle and 
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eiythrocytes, and 8 days in brain, sternum, and skeletal muscle Presum- 
ably the major portion of the radioactivity determmed was m the form of 



coenzjone, as it has been shovm repeatedly that nicotinic acid and nico- 
tinamide admimstered tn mvo result m an increase in tissue coenzyme 
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SUMMART 

1 Gross metabobsm studies on nicotmie acid and nicotinamide with use 
of compounds tagged ivith m the carboxyl group are presented 

2 It IS shown that of the radioactivity fixed in the tissues about 15 per 
cent of the C‘^ m the carboxyl group appears as exhaled CO 2 Presumably 
this occurs as a result of decarboxylation, but there may also be nngrupture 
followed by decarboxylation In any case, the metabohtes which have 
been isolated to date have all contamed a carboxyl group in the 3 position 
of the pyndine nng The fact that mcotmic acid and mcotmamide are 
decarboxylated should stimulate the search for additional metabolic 
products 

3 The gross metabohsm of mcotmic acid and mcotmamide is identical 
in the mouse 
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Insoluble residues prepared by low speed centrifugation of tissue homog- 
enates made m isotonic salme have recently been used to study the enzjune 
sj stems for the ovidation of fatt3’’ acids (6-9, 11), the oxidation of the acids 
of the Krebs tncarboxyhc acid cj cle (3), oxidative phosphoiylation (10), 
p-aminohippunc acid synthesis (2), and citrulhne synthesis (1) Our own 
studies on the differential centrifugation of rat tissue homogenates have 
shown that isotomc sahne produces extensive agglutination of the mito- 
chondria mth the result that the fraction obtamed at low speed was a mix- 
ture of all of the nuclei and 40 to 80 per cent of the mitochondna of the 
homogenate m addition to any cells that had not been broken durmg the 
homogemzation (5, 14) It is, therefore, of mterest to determine whether 
the enzjTnatic reactions mentioned above are associated mth the nuclei, 
the mitochondna, or the unbroken cells, or whether a combmation of two 
or more fractions is necessaiy for enzjTnatic activity Such a study was 
made possible by the finding that agglutination was greatly decreased when 
the homogenates n ere made m isotomc or hj^pertomc sucrose solutions (5) 
Thus a more efficient separation of nuclei and rmtochondna was possible 
in the sucrose homogenates than had hitherto been possible m the sahne 
homogenates 

The present report descnbes the study of the oxidation of octanoic acid 
bj fractions obtained from rat hver and shows that the oxidation of this 
fatty acid is associated mainly with the mitochondna ' 

Materials and Methods 

Preparation of Livers — Stock rats ongmally' of the Sprague-Davley stram 
obtained from the Holtzman Company, hladison, nere fasted oiermght to 
eliminate glycogen from the Iner The rats were killed by decapitation 
and the h\crs Mere remoied and chilled m ice-cold isotomc KCl After 

* This V ork v -IS aided bj a grant from the American Cancer Society on the recom- 
mendation of the Committee on Groirth of the National Research Council 

' This finding confirms the preliminary report of Kennedi and Lehninger (6) No 
\ comparison is possible betneen their results and those obtamed m the present mork 
^because the tissue concentration used b\ these authors was not stated 
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cooling, the hvers were blotted, weighed, and homogenized (12) in ice-cold 
isotonic sucrose (8 5 gm of sucrose per 100 ml of solution) Isotonic 
sucrose was used lather than the hypertomc sucrose necessary to maintain 
the morphological integrity of the mitochondna (5), because it was found 
in prehminary e\penments that preparations made in the hypertonic solu- 
tions had a much lower late of fatty acid oxidation than did prepaiations 
made in isotonic suciose The latter gave activities in the same range as 
those lepoited by Pottei (11) 

Dtffeienhal Centnfugahon of Rat Ltver Homogenate^ — 10 ml of homog- 
enate (1 gm of rat hvei pel 10 ml of homogenate) weie centiifuged for 10 
minutes at 600g to sediment the nuclei The supernatant was removed and 
the sediment was washed twice by resuspension in 2 5 ml portions of iso- 
tomc sucrose and recentrifugation at 600^ foi 10 minutes The washed 
sediment was made up to 2 5 ml ivith isotonic sucrose and labeled the 
nucleai fraction, Nw The supernatant and washings from the nuclear 
fraction weie combined and centrifuged 10 minutes at 8500fir to sediment 
the mitochondria The mitochondna weie washed tvnce by resuspension 
in 2 5 ml of isotomc suciose and lecentnfugation at 8500^ for 10 minutes 
The washed mitochondna were made up to 2 5 ml uuth isotomc sucrose 
and labeled the mitochondrial fraction, M w The supernatant and wash- 
ings from the mitochondiial fraction were combined and centrifuged for 60 
minutes at 18,000(7 to sediment the submicroscopic particles The sub- 
micioscopic particles were washed once by resuspension in 2 5 ml of iso- 
tonic suciose and recentrifugation at 18,000(7 for 60 minutes The washed 
particles were made up to 2 5 ml ivith isotomc sucrose and labeled the 
submicroscopic pai tides, Pw Tlie supernatant and washing from the 
submicroscopic particles were combined, made up to 20 ml , and labeled 
the supernatant, S 2 

Measurement of “Octanoxzdase"^ Activity — Optimum concentrations of 
the components of the octanoxidase system weie detenmned by Potter (11) 
and were those employed m this paper The measuiements of oxygen 
uptake were made in the Warburg apparatus at 38° The flasks contained 
0 01 M potassium phosphate buffer, pH 7 4, 0 01 m potassium malonate,^ 

= A11 of the centrifugations uere made at 0® in the International refrigerated 
centrifuge PR-1 The centrifugations at 600g were made with the horizontal joke 
No 269 and those at 8500;/ and ISOOOi; w ere made with the multispced attachment and 
the No 295 conical head The centrifugal forces designated refer to the centers of 
the tubes emploj cd 

’ The tcrm“octnno\idase” will be used to refer to that system of enzymes involved 
in the ovulation of octanoic acid 

* It has been claimed that malonate produces varying degrees of inhibition of 
octanovidasc activity depending upon the strain of rat employed (9) Since we have 
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pH 7 4, 0 0133 M magnesjum chlonde, 0 001 M adenosine tnpbosphate 
(K salt), 0 0000133 m cytochrome c, 0 028 M NaCl, 0 001 m potassium 
octanoate, and 0 8 ml of hver homogenate or an eqmvalent amount of each 
fraction The final volume was 3 0 ml Readings of oxygen uptake were 
made at intervals of 5 mmutes after a 6 mmute eqmhbration penod The 
rate of oxygen uptake was constant for a period of at least 20 mmutes and 
was proportional to the tissue concentration The oxygen uptakes over 
the 20 nunute penod were averaged 

Andy heal Methods— Desoxypeatosenucleic acid (DNA) and pentose- 
nuclcic acid (PNA) were extracted with hot tnchloroacetic acid and were 
estimated by means of colonmetnc reactions (13) Total mtrogen was 
determined colonmetncally after acid digestion (16) 

Reagents — ^The potassium octanoate was obtained by neutrahzmg octan- 
oic acid (Eastman) that had been distilled tn vacuo m an all-glass apparatus 
Adenosine tnphosphate (Ba salt) was generously supphed by Dr G A 
LePage and was prepared as previously desenbed (16) 

Results 

Dtslribuhon of Nuclctc Acids and Total Ntlrogen — ^The distnbution of 
nucleic acids and total mtrogen in the rat hver fractions is given m Table 
I The nuclear fraction was found to contam 13 3 per cent of the mtrogen 
of the homogenate, 13 8 per cent of the PNA, and 99 per cent of the DNA 
The latter result indicated that the nuclei had apparently been quanti- 
tativclj’’ recovered in this fraction hlicroscopical exammation of the 
nuclear fraction shoiied large numbers of mtact nuclei both free and 
clumped together as well as a few unbroken cells and some free mito- 
chondna, vhile examination of the other fractions failed to show either 
nuclei or nuclear fragments The nutochondna fraction contained 26 9 
per cent of the mtrogen of the homogenate and 7 2 per cent of the PNA 
The subimcroscopic particles on the other hand contained 52 6 per cent of 
the PNA of the homogenate and only 18 8 per cent of the mtrogen Thus 
the PNA concentration in the submicroscopic particles was much higher 
than in any of the other rat liver fractions (76 7 7 of PNA per mg of N) 
The supernatant contained the largest proportion of the mtrogen of the 
homogenate (41 3 per cent) and a considerable amount of PNA (23 2 per 
cent of the homogenate) Tlie PNA concentration in the supernatant 
(15 1 1 per mg of N) nns low, however, indicating that the removal of the 
submicroscopic particles in the prenous step of the centrifugation had 

not cxpcnenccd sicnificant inhibition in the presence of mnlonate (Table III), it may 
. be questioned wliethcr the inhibitions obsened (0) ma% not be related to the use of 
) vratcr suspensions of the enrjTne or to the presence of malatc in their assay systera 
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effectively removed that portion of the hver homogenate contaimng the 
highest concentration of PNA 

Distnbiihon of Octanoxidase Activity — The results of the measurements of 
octanoMdase activity are presented in Table II With the exception of the 

Table I 

Nucleic Acid and Nitrogen Content of Fractions Isolated from Homogenates of Rat 

Liver in Isotonic Sucrose 


The average values are given in bold-faced type 

The figures m parentheses represent the range of the values in the four experi- 
ments reported 


Fraction 

Nitrogen 

DNA phosphorus* 

PNA phosphorus* 

Totalf 

Fraction 
of homo- 
genate 

Totnlt 

Fraction 
of homo- 
genate 

Per mg 
nitrogen 

Totalt ; 

1 

Fraction 
of homo 
genatc 

Per mg 
nitrogen 


7 

per cent 

r 

per cent 

r 


per cent 

7 

Homogenate 

3018 

(100) 

271 

(100) 

90 

82 8 

(100) 

27 4 


(2967- 


(24 9- 







3048) 

j 

28 6) 






Nw 

1 402 

13 3 

26 8 

99 0 

66 6 

114 

13 8 

28 3 


(366- 


(24 8- 







430) 


28 5) 






Mw 

811 

26 9 




60 

72 

74 


(700- 









890) 








Pw 

568 

18 8 1 




43 5 

52 6 

76 7 


(500- 









715) 

1 




1 



Sj 


41 3 




19 2 

23 2 

15 4 



















Recovery 


100 3 

1 

99 0 



96 8 


No of deter- 
minations 

4 


4 


1 

2 




* Phosphorus calculated from pentosenucleic acid and desoxypentosenucleic acid 
determinations 

t Per 100 mg of fresh liver or its equivalent 


supernatant the fractions xvere tested separately as well as in all possible 
combinations The supernatant was tested only separatelj'- The results 
show that when tested separately only the nutochondnal fraction possessed 
octanoxidase activity The activity of the mitochondnal fraction (67 
c mm of oxygen absorbed pei 10 minutes) was increased to 79 c mm pei 10 
minutes vhen either the nucleai fraction or the subnucroscopic pai tides 
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were added and to 85 c mm per 10 minutes when both of these fractions 
were added simultaneously to the imtochondna The reason for the m- 
creascd activity observed when these fractions were added to the mito- 
chondnal fraction is not known An explanation for these results may be 
possible when all the enzymes mvolved m the octanoxidase system are 
known and can be tested separately m the fractionation procedure 

Table II 

Oxtdaiton of Potassium Oclanoate by Fractions Isolated from Homogenates of Rat 
Liver in Isotonic Sucrose 


TIic average values are given in bold-faced type and represent the experiments 
for B hich the nitrogen and nucleic acid content were reported in Table I 


FncUon 


Ox>fien uptake* 


+ Octanoate 

— Octaooate 

Corrected for 
endogenous 

Fraction o! 
homogenate 


c mm ptr 10 rmn 

cjnm Per iO n\n 

ejnm per 10 mm 

per cent 

Homogenate 

107 

(100-117) 

24 

(S-31) 

83 

(78-92) 

(100) 

Nw 

23 

(0-0 1) 


23 

2 8 

Mw 

67 

(04-70) 


67 

(64-70) 

81 

(71-87) 

Pw 

0 

(0) 


0 

0 

Nw + Mw 

79 

(72-80) 


79 

95 

Nw -pPw 

11 

(0-4 4) 


11 

13 

Mw + Pw 

79 

(54-94) 


79 

95 

Nw + Mw + P\\ 

86 

11 

84 

101 

Si 

(09-94) 

66 

(3 4-8 3) 

(0-3 0) 

81 

(5 6-11 7) 

(69-94) 

(90-105) 


* Per 100 nig of fresh liier or its equualent 


^Vs pointed out m the first paper of this senes, one of the fundamental 
principles that must be obsen^cd m fractionation studies, if the results of 
the assaj s arc to hat e any sigmficance, is that each fraction must be assayed 
for enzj-me actinty and that the total actmty of the fractions must closely 
approximate the actnitj of the onginal homogenate Some difficulty was 
encountered m adhenng to this pnnciple in the stud} of the octanoxidase 
sx stem It IS apparent from Table II that the actmtj of the homogenate 
(107 c mm per 10 nunutes) is considerabh greater than the actmtj of the 
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recombined nuclear, mitochondrial, and submicroscopic particle fractions 
(85 c mm ) It was observed, however, that the homogenate had a high 
endogenous uptake of oxygen (24 c mm ), while these three fractions either 
separately or in combination had negligible endogenous oxygen uptake 
The supernatant on the other hand showed a considerable endogenous 
oxygen uptake (81c mm ) When the endogenous uptake was subtracted 
from the uptake in the piesence of octanoate, the activity of the homogenate 
(83 c mm pei 10 minutes) agieed closely \vith the activity of the combined 
nuclear, mitochondrial, and submicroscopic particle fractions (84 c mm per 
10 minutes) Inasmuch as the activity of the three recombined fiactions 
agreed reasonably well ivith the coirected activity of the homogenate in 
each of four experiments, it was concluded that this coirection was valid 

Table III 

Effect of Repeated Sediinentahon of Mttochondna from Isolomc Sucrose on Their 
Ability to Oxidize Octanoate and on Their Nitiogcn Content 
Each figure represents the average of duplicate measurements 


Mitochondria preparation 

Oxygen uptake* 

Nitrogen* 


c mm per 10 mm 

y 

M (sedimented once) 

56 6 (58 3) 


Ml ( “ twice) 

52 5 (57 5) 

723 

Ms ( " 3 times) 

54 8 (59 5) 

723 

Mj ( " 4 times) 

55 6 (54 5) 

726 


* Per the equivalent of 100 mg of fresh liver The figures in parentheses repre 
sent single measurements of the octano\idase activities when malonate was omitted 
from the assay system 

even though all of the endogenous uptake was not recovered in the fractions 
On the basis of the corrected values for the homogenate the imtochon- 
dna possessed an octanoxidase activity that was 81 per cent as great as 
that of the homogenate Thus it can be concluded that the major portion 
of the activity of this enzyme system was associated with the mitochondria 
Effect of Repeated Sedimentation on Octanoxidase Activity of Rat Liver 
Mitochondria — Smee the results described in the pieceding paragraph indi- 
cated that the major portion of the octanoxidase activity of rat liver 
homogenates was associated with the mitochondria, it was of interest to 
study the effect of repeated sedimentation of the mitochondria from isotonic 
sucrose on their octanoxidase activity The results are presented m Table 
III The data show that the total octanoxidase activity remained essen- 
tially constant after as many as four sedimentations The nitrogen content 
of the mitochondna fraction decreased from 780 y m the first sedimentation 
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to 723 7 after the second sedunentation Further sedimentation did not 
alter the mtrogen content appreciably The loss of mtrogen that oc- 
curred dunng the second sedimentation was probably due to the removal 
of soluble matenal or of particles smaller than the mitochondna 

DISCUSSION 

The oxidation of fatty acids by rat bver homogenates is heheved to 
involve two major types of reactions (1) oxidation of the fatty acid to 
acetoacetic acid by successive oxidative removal of 2-carbon fragments and 
their subsequent recondensation, or (2) oxidation of the fatty acid to COj 
and HsO by condensation of the 2-carbon units wnth oxalacetic acid to 
form acids of the Erebs tncarboxylic acid cycle (8) Lehmnger (8) has 
presented data to showr that octanoic acid is quantitatively oxidized in the 
presence of adenosme tnphosphate and magnesium ions to acetoacetic acid 
by the insoluble matenal obtained by low speed centrifugation of rat hver 
homogenates and Potter (11) has presented confirmatory evidence m 
support of this data Since the measurements of octanoxidase activity m 
this paper were made under conditions stnctly comparable to those of these 
authors, it may be concluded that the oxidation of octanoic acid to aceto- 
acetic acid IS associated almost exclusively with the mitochondna of the rat 
hver homogenate (Table II) With respect to the locahzation of the 
enzymes involved in the further oxidation of fatty acid (the enzymes of the 
ICrebs cycle), it may be stated that several of the individual enzymes have 
already been demonstrated to be almost exclusively associated with the 
large granules or mitochondna of rat hver Thus the enzymes succmic 
dehydrogenase, cytochrome oxidase, and cytochrome c have been found to 
be associated wnth these particulate components of the hver cell (4, 5, 14, 
15) TIic assay of the oxalacetic acid-oxidase system, which appears to be 
an over-all measure of the enzymes of the Krebs cycle, has also been made 
on nt hver fractions A large fraction of the oxalacetic acid oxidase 
actmlj of the homogenate w'as recovered in the mitochondnal fraction 
Tlie results of these studies will be desenbed in a subsequent paper 
Tlio demonstration that the octanoxidase aebinty of rat liver homog- 
enates was associated exclusively with the mitochondna and not wnth the 
nuclei would hnie been impossible if a cy'tochemical search had not been 
instituted for a medium m which cells could be disrupted wnthout con- 
coniitmt agglutimtion of the mitochondna Fortunately such a medium 
w ns diECOi ored in the non-clectrolyte sucrose (5) In the absence of such a 
study , the biochemist might ha\ e been tempted to conclude that oxidation 
, of fatty ncids by the insoluble matenal obtained from tissue homogenates 
'was associated wnth the nuclei, inasmuch as the size and the physical and 
chemical properties of the latter oxershadow those of the mitochondna 
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One instance can already be cited in which an enzymatic function has been 
assigned to the nuclei present in such a mixed preparation (1) The 
present report shows that the oxidation of octanoic acid does not require 
nuclei and demonstrates how the more exact locahzation of the other 
enzymatic activities associated with insoluble tissue residues (1-3, 10) may 
be deteimined 


SUMMARY 

1 Rat hver homogenates in isotomc sucrose were separated by differ- 
ential centrifugation into nuclear, mitochondrial, submicioscopic particle 
and supernatant fractions 

2 The distnbution of pentosenucleic acid (PNA) and desoxypentose- 
nucleic acid (DNA) was determined in the fractions The entire DNA of 
the homogenate was recovered in the nuclear fi action PNA was found m 
all of the fiactions, but in the submicioscopic particle fraction the PNA 
concentration per mg of mtrogen was 2 8 times as great as in the homo- 
genate and 52 6 per cent of the PNA of the homogenate was recovered in 
this fiaction 

3 The distnbution of the activity of the enz3me system oxidizing 
octanoic acid was also studied It was found that the major portion of the 
activity of this enzyme system was recovered in the mitochondria fraction 
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The chemical nature of pure heparm has attracted much, attention 
Even before its chemistry -was known attempts were made to isolate crystal- 
Ime denvatives of it (1, 2) When heparm was found to be a polysulfunc 
acid ester of a polysacc^nde, showing a resemblance to chondroitinsulfunc 
acid (3) , senous attempts were made to ciystalhze its banum salt (4) This 
salt has, m fact, a crystallme appearance 
Many findmga, however, raise considerable doubt regarding its homo- 
geneity When the banum salt is recrystallized from a 20 per cent acetic 
acid solution, an mactivation occurs, probably due to depolymenzation, 
without loss of the crystallme appearance (5) The banum salts contam 
other cations besides banum (6) The sulfur content and the biological 
activity vary m different preparations, particularly if heparm samples from 
different ammals arc compared (7, 8) It seemed to one of us (9) most 
plausible to consider the heparm as a polysacchande extensively estenfied 
with sulfunc acid, and the ordinary heparm preparations as inhomogeneous 
mLvtures of mono-, di-, and tnsulfunc acids Brucme salts of heparm 
fractions mth a sulfur content correspondmg to that of all these three acids 
were also isolated (10) All of them showed an anticoagulant effect, w'hich 
increased within the same animal species with increasmg sulfur content 
The possibility of obtaming a homogeneous polysacchande polysulfunc 
ester seemed therefore to be very remote In fact, Kuizenga and Spauldmg 
(11), m 1943, separated different fractions with different sulfur contents 
from a banum salt assumed to be crj^tallme As will be reported further 
on, we have made the same observation 
So far, attention was focused only on the fractions havnng the highest 
sulfur content and the strongest anticoagulant activity The sulfur content 
of some fractions also reached the figures calculated for a tnsulfunc acid, 
13 G per cent for the sodium salt (12) and 10 8 per cent for the banum salt 
(7, 9, 13) A sodium salt of such a fraction from o\ In er woth 130 Toronto 
units per mg w ns, morern er, m 1942 selected by the Department of Biologi- 
cal Standards of the National Institute for Medical Research, London, to 
sene ns the proaisional international hepann standard 

I * This ini csligation was aided bj grants from the Knut and Alice Wallenbere 
Foundation, Stockholm 
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The question then arises whether the more soluble fractions of the brucine 
and barium salts with a lower sulfur content and a weaker anticoagulant 
activity are chemical entities per se or only mixtures of one oi several in- 
different polysacchaiides and the trisulfuric acid ester We have now 
analyzed these fractions moie closely and found that after lemoval of at 
least all the tnsulfuiic acid they still have an anticoagulant effect and a 
sulfui content which corresponds in the mam fraction to that of the mono- 
sulfuric acid of hepaiin 

FracitonaUon of Easily Soluble Banum Salts 

In the Charles and Scott procedure of 1933 (2) for the laige scale e\ti ac- 
tion of hepaiin from ox liver and o\ lungs, the alkaline extract is acidified 
with sulfuric acid Heparin and chondroitinsulfuiic acid are thereby pre- 
cipitated together with the proteins After complete deprotemization, the 
heparin is precipitated as a barium salt msoluble in water The soluble 
baiium salts of the mothei liquor are precipitated with alcohol 

Although theie is a maiked diffeience in the solubility of the two main 
fiactions of barium salts, a certain amount of heparin tri- and disulfuric 
esters could neveitheless be assumed to be present in the mother liquor 
among the easily soluble banum salts, thus explaining their anticoagulant 
activity Steps weie theiefore taken to remove any admixture of ordinary 
heparin that might be present 

To a 20 per cent aqueous solution of the easily soluble barium salts 
barium chloride Avas added to 5 pei cent, followed by 0 1 volume of a hot 
saturated solution of barium hydroxide After standing for 24 hours in the 
ice box, the piecipitate was removed It usually comprised 2 per cent of 
the weight of the easily soluble banum salts Another fraction of similar 
size Avas remoA'^ed by adding 0 05 volume of alcohol Both these small 
fractions contained about 6 to 7 pei cent sulfur and about 15 hepaiin units 
pel mg of diy substance The piepaiations fiom liA’^er and lungs behaA'^ed 
similaily in these respects The admixture of tiisulfuric acid must con- 
sequently liaA^e been insignificant, and after removal of these fractions this 
acid IS still less likely to occui as an impuiity in the barium salts to be 
discussed beloAv 

The absence of less soluble barium salts w^as easily demonstrated by the 
folloAAung procedure 

If half the Amlume of a saturated solution of banum chloride AA^as added to 
a neutial 5 per cent solution of the easily soluble banum salts Avhich had 
been precipitated Avith 0 1 volume of alcohol (Samples A and B in Table I), 
no opalescence AA'as seen, not eAmn after standing for 24 hours in the ice box 
If the solution contained 0 05 per cent of the sodium salt of hepann with 
11 5 per cent sulfur and 110 umts per mg simultaneously, an opalescence 
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was observed on adding the banum chlonde On the foUovnng day there 
was a slight precipitate adhenng to the bottom of the test-tube Twice the 
amount of hepann, or 0 1 per cent, immediately gave a strong opalescence 
and on the followmg day an ordmaiy precipitate If hepann bad been 
added to 0 25 per cent, a precipitate formed immediately when the banum 
chloride solution was added 

The same occurred if protamme, free of sulfate ions, was added to these 
solutions 0 5 mg of protamme base added to 0 5 ml of a 5 per cent solu- 
tion of the easily soluble banum salts gave an opalescence If the solution 
contained 0 1 or 0 25 per cent of hepann simultaneously, a heavy precipi- 
tate formed on adding the protamme 
In these tests a 5 per cent solution of the easily soluble banum salts gave 
no precipitate with banum chlonde, whereas such a low concentration of 
hepann as 0 05 or 0 1 per cent could easily be demonstrated The anti- 
coagulant effect of the easily soluble banum salts, 10 to 16 umts per mg , 
would have demanded an admixture of banum salt of ordmary lieparm, 
making up about 10 per cent of their rveight It is therefore evident that 
these polysaccharide fractions with only one sulfunc acid group for each 
disaccliande unit also have an anticoagulant effect of their omi 
The less soluble banum salts of ordinary hepann thus having been re- 
moved, the easily soluble barium salts were precipitated with alcohol from 
the alkaline solution containing 5 per cent of banum ehlonde, a first fraction 
being obtained with 0 1 volume of alcohol and the remamder mth 1 volume 
This separation into tv o fractions proved to be very valuable The barium 

salt of the lung polysaccharide vhich precipitated mth 0 1 volume of 
alcohol behaved in quite a different way from the fraction obtamed mth 1 
V olume The former exerted an anticoagulant activity, contained glucos- 
amine, and v\as dextrorotatory, vhereas the latter v as biologically mactiv^e 
and only veakly dextrorotatory It consisted of chondroitmsulfunc acid 
The amount of soluble banum salts obtained after remov'al of ordmarj'- 
heparin is different when one is vorkmg vnth samples from hv^er and from 
lung In the liver it is somewhat larger than the amount of sodium salt of 
hepann recovered from the insoluble barium salt, the proportions being 
12 1 With lung the jneld is smaller, the soluble barium salts comprising 
onl} a third of the weight of the hepann Furthermore, the easily soluble 
banum salts from these two sources also differ as to their composition, 
chondroilinsulfunc acid making up about a third of the samples from lung* 
The banum salts thus obtained were reprecipitated twice with alcohol, 
(he second time after neutralization of the solution wath hj drochlonc acid* 
Final! V thev were dissolved in a small volume of water and kept m the cold 
\ overnight Two fractions were therebj separated. Sample A, insoluble, 
and Sample B, soluble (see Table I), both being anaij'zed separately 
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Before analysis, all the barium salts were once more dissolved in a small 
volume of water and dialj'^zed against distilled water in cellophane sacs 
The results of the fractionation aie given in Table I For comparison the 
theoietical figures foi the nitiogen, sulfur, and ash content of the barium 
salt of the heparin monosulfunc acid aie given in Table I 

Analysis of Easily Soluble Barium Salts 

Sulfur — The sulfur content of the mam fraction of the easily soluble 
barium salts both from lung and liver, which was precipitated with 0 1 


Table I 
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* 2 per cent in water 

t 5 per cent of the nitrogen occurred as NHj nitrogen 


volume of alcohol, was about that calculated foi a heparin monosulfunc 
acid (see Table I) Sample B fiom lung contamed 5 42 per cent of sulfur 
and fiom liver 5 69 per cent (calculated, 5 38 per cent) Fraction A, 
which piecipitated at a low tempeiatuie, had a somewhat lugher sulfur 
content, 6 67 and 6 30 pei cent, as was also to be expected for the less 
soluble fraction Evidently, it contamed an adimxture of disulfuric acid 
of heparm polysaccharide 

Amino Suga) —On acid hydrolysis 37 per cent of the calculated amount 
of ammo sugai was isolated as pure crystalline glucosamine hydrochloride 
The high yield of glucosamine thus isolated almost excludes any consider- 
able admixtuie of other ammo sugai s Consequently, the amino sugar is 
glucosamme, as m ordinary heparin (14) 
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IsohUon of Glucosamine— dO gm of air-diy substance of Sample B 
(Table I, from lung) were hydrolyzed 7 hours in 500 ml of 20 per cent hydro- 
chloric acid by heatmg under a reflux on a metal bath Hydrochloric acid 
was removed by repeated evaporations m vacuo to almost dryness, the last 
time after decolonzmg wth nont The dry residue was treated with 3 ml 
of hot normal hydrochloric acid to which 50 ml of methyl alcohol were 
added The insoluble residue, weighmg 3 1 gm , proved to be pure crystal- 
line glucosamme hydrochloride A 2 per cent solution gave after 2 imnutes 
-f 100° and on the foUowmg day +71'’ From the methyl alcohol 
another lot of crystals rveighmg 0 120 gm was obtamed when acetone was 
added Total yield, 3 22 gm of glucosamme hydrochloride or 13 4 per cent 
of the dry substance of Sample B, Table I Consequently, the yield of 
glucosamine hydrochloride was 37 per cent of the theoretical (36 2 per cent) 
In another hydrolysis, 1 87 gm of glucosamme hydrochlonde was ob- 
tained from 20 gm of air-dry substance of Sample B, or almost the same 
yield, this time followmg hydrolysis m the presence of 10 gm of stannous 
chlonde, as recommended by Levene 
Exactly the same yield of crystallme glucosamme hydrochloride, 37 per 
cent of the theoretical, was obtamed from 30 gm of air-dry substance, as m 
Table I Consequently, the ammo sugar of the heparm monosulfunc acid 
IS glucosamme as is that of the tnsulfunc acid 
The uell knonm difficulty of obtammg galactosamme from chondroitm- 
sulfunc acid was also expenenced here 
Simultaneously with the above hydrolyses of Samples A and B, 30 gm 
of nir-dry substance of the last fraction of banum salts from lung, which 
had been precipitated with 1 volume of alcohol, were hydrolyzed without 
stannous chlonde, and 20 gm after addition of stannous chloride, when 
both M ere submitted to exactly the same procedure as descnbed above In 
none of these hydrolyses were any crjstals obtamed on adding methyl 
alcohol On adding acetone m both mstances an msoluble sticky 
precipitated, a chondrosine polymer, very famihar to everyone who has 
attempted to isolate chondrosarame from chondroitmsulfunc acid This 
detail, together vith the low optical activity and the lack of stronger anti- 
coagulant actmty, made it quite evident that this frachon of the easily 
sohihfc hanum sails from lung consisted almost exclusively of chondroihn- 
stilfunc aetd It also behai ed like this acid on acid hydrolysis, and agamst 
the Schiff reagent after oxidation mth penodic acid 

V quantitntiie analjsis for vronic acid, with the technique applied by 
Jorpos md Bergstrom m 1937 (15), gaie 25 0, 30 0, and 30 0 (mean 28 35) 
per cent (calcuhtod, 32 G per cent) 

tn aedyl ddermmahon according to the method of Lumieux and Punes 
(10) uith chromic acid oxidation ga%e 7 8, 7 31, and 7 8 (mean 7 5) per cent 
acetic acid (calculated 10 1 per cent) 
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Conch^s^ons — ^The organic skeleton of the polysaccharide with one sulfunc 
acid group for each disaccharide unit thus consists of 1 molecule of amino 
sugar, glucosamine, 1 molecule of uronic acid, and 1 molecule of acetic acid 

Because of the anticoagulant activity, 10 to 16 heparin units per mg of 
dry substance, and the similarity to heparm, the substance is assumed to be 
a monosulfuric ester of the heparm polysaccharide 

The fi action of the easily soluble baiium salts which precipitated vath 1 
volume of alcohol consisted, in the prepaiation from lung, almost exclusively 
of chondroitinsulfui ic acid It made up a third of the weight of the punfied, 
easily soluble baiium salts It was practically devoid of anticoagulant 
activity, had a veiy low dextrorotation, and gave no glucosamine after acid 
hydiolysis The conespondmg fraction of the easily soluble barium salts 
from cattle liver, however, showed a similarity to the monosulfuric ester, 
although it had a somewhat lower sulfur content It made up only 9 per 
cent of the weight of the crude, easily soluble banum salts The difference 
between these two prepaiations, from lung and hver respectively, was very 
cleaily demonstiated through their rate of hydrolysis in 7 5 per cent (by 
volume) sulfunc acid and through then behavior m the fuchsin-sulfuious 
acid test aftei periodate oxidation The preparation from lung behaved in 
these lespects like chondroitinsulfunc acid, and that from hver like mono- 
sulfuric ester of heparm 

Acid Hydrolysis for Differeniiahng Polysaccharides 

The anticoagulant activity of heparm is lost when a solution of the barium 
salt IS heated repeatedly to 65° m 20 per cent acetic acid (5), pi obably owing 
to a depolymenzation The sulfunc acid is also very easily split off, about 
60 per cent of it bemg hydiolyzed m 6 imnutes and all of it in 1 hour on 
boiling with 2 n hydrochloric acid The carbohydiate skeleton, however, is 
fairly resistant to acid hydrolysis, practically no reducing substance being 
liberated dining 60 minutes boihng in 7 5 per cent (by volume) sulfuiic acid 
This remarkable property of the heparm polysacchaiide was observed when 
the behanor of hepaim on acid hydiolysis ivas compared wuth that of other 
similar polysacchaiides (15) The chondioitinsulfuric acid and the easily 
soluble fractions of the brucine salts of hepaiin hydrolyzed much more 
easily 

We hai'e found this principle of chaiacterizing a polj'-saccharide very 
useful All the samples of the heparm monosulfuiic acid from livei and 
lung (Samples 1 to 5, Fig 1) shoived the same characteiistic rate of hy- 
diol3''sis 

Heparin monosulfuric acid hydrolyzes moie easily than di- and tnsulfuric 
acids but with consideiably lower speed than chondioitinsulfuric acid 
This indicates a difference in the mteinal structuies of chondioitmsulfuric 
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acid and heparin monosulfunc acid The same circumstance is further- 
more demonstrated by their different response to the Schiff reagent, fuchsm- 
sulfurous acid, after penodate oxidation, the latter giving a strong reaction, 
^^hlle chondroitinsulfunc acid gave practically none (17) 

Heparin monosulfunc acid can also be differentiated from hyaluromc acid, 
which IS hydrolyzed %\nth even greater speed than chondroitinsulfunc acid 
Heparin monosulfunc acid is consequently not a monosulfunc ester of hy- 
aluronic acid 


p9r ccnf 
CfuCOft 



Vir, 1 Reducing substance, cnlculftled as glucose in per cent of the organic mate 
nal bberated during hi drolj sis in 7 S per cent (bj \ olumc) sulfuric acid The figures 
on the cun es refer to sample numbers 


The most soluble fraction of the easily soluble barium salts of lung 
heparin bchaied in this respect like chondroitinsulfunc acid, whereas that 
from the In er hj drolj zed like the heparin monosulfunc acid 
hllcpann Monosulfunc Aad Preformed tn Tissues?— The first question 
which arises is whether the polj sacchande with low sulfur content and 
weak anticoagulant aclmtv extracted from ox Iner and ox lung together 
with ordmara hepann reallj occurs as such in the Ining organisms, or 
wlicther it is a degradation product of licpann The question is by no 
means casa to answer Eaidentla it could result from the action of sul- 
' falascs from the hepann alreadj m the Imng cells The occurrence of a 
heparmase has also been discussed by Jaques (S) 
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This question cannot be answered -without further analytical work along 
the same lines as those applied by Jorpes, Holmgien, and Wilandei m 1937 
(see Joipes (9) pp 57-67), when they demonstrated that there is a very 
close lelationship between the number of mast-cells in the different organs 
of diffeient animals and then content of heparin 

The ne-d; question is whether the mouosulfuiic acid is framed from 
heparin tlirough the extractions process This question has been discussed 
eailier ((12) p 209) Tr 3 '-ptic digestion does not break doivn any heparin 
Hepann submitted to the same treatment as the lungs and the hvei uitli an 
ammoniacal ammonium sulfate solution of pH 9 to 9 4 could be recovered 
unchanged, although a quantitative yield -vi^as not to be expected The 
sulfate groups, howevei, are rathei easily hydrolyzed From heparin 
tiisulfuiic acid 33 per cent of the sulfur is split off at 100° m 0 1 n sodium 
hydi oxide durmg 5 minutes, 36 pei cent m 15 minutes, 54 per cent in 1 hour, 
and 66 pei cent in 4 hours Aftei 24 hours boihng m 5 N sodium hydroxide 
only 72 per cent is split off In an alkalme solution one sulfate group is 
thus very easily lemoved from the trisulfuric acid, the second more slowly, 
and the third xxuth the utmost difficulty The sulfuric acid is, however, m 
alkalme solution, removed from the monosulfuric acid xvith about the same 
speed The raonosulfuiic ester can therefore not aiise fiom di- and tn 
sulfuric esters in the couise of alkaline extraction 

Also, in a weakly acid solution, the sulfate groups aie liberated at about 
the same speed from the mono- as from the di- and trisulfuric esters 

Against this background the question of the chemical nature of hepann 
can moie easily be discussed Fractions -with the composition of a tri 
sulfuric acid have earhei been isolated and described Here we describe a 
monosulfuric estei of a polysaccharide, in many lespects resembling hepann 
Ordinary heparin which precipitates as an insoluble baiium salt fiom water 
IS neithei a tiisulfuric acid noi a monosulfuiic acid but a mixture of tii- and 
di- and possibly also some monosulfuiic estei Ex'-en a tetiasulfuiic ester 
might conceivably occui, as can be concluded fiom the following experi- 
ment We obtained from 74 gm of baiium salt, “leciystalhzed” txvice 
from 10 per cent acetic acid aftei heating to 60° thiough lepeated dissolving 
in hot xvatei, a number of fractions xxffiich after tiansformation into sodium 
salts gave the following yield of sulfui 15 83 gm 13 6 pei cent, 2 14 gm 
10 88 pel cent, 3 36 gm 8 23 pei cent, 6 24 gm 7 60 per cent, 7 36 gm 4 48 
per cent 

The high yield of the sodium salt xvith 13 6 per cent sulfur, the theoietical 
figure for the sodium trisulfuric acid of hepann, makes an admixture of a 
tetrasulfuric acid in this sample very probable So fai , hoxvever, xve have 
no conclusive evidence as to the occurrence of this acid 
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DISCUSSION 

In discussing the possibilities at hand against the background of the 
analytical findings, one feels almost inclmed not to speak of the different 
mono-, di-, and tnsulfunc esters but to consider the heparin as a poly- 
saccharide more or less estenfied with sulfuric acid, in which all the different 
disaccharide units of one and the same molecular complex need not neces- 
sarily be estenfied to the same degree The accumulation of sulfate groups 
determmes the solubility of the barium salts and improves the anticoagulant 
activity There are samples with about three sulfate groups for each 
disaccharide unit, samples with only one group and intermediates, probably 
a mixture of di- and tnsulfunc acid esters The occurrence of a tetra- 
sulfuric acid of the same polysaccharide is very likely, as is also the occur- 
rence of the sulfur-free heparin polysaccharide itself in the animal body 

SUMJIABY 

The main fraction of the easily soluble banum salts remaining in the 
mother liquor when protein-free heparm from ox liver and ox lung is pre- 
.cipitated as an insoluble banum salt has the composition of a heparin mono- 
sulfuric acid It contains equal parts of glucosamine, a uronic acid, acetic 
acid, and sulfuric acid It is dextrorotatory, the barium salt havmg an 
optical rotation of approximately 4-50® 

The preparations are practically free of heparin di- and tnsulfunc acids 
and have an anticoagulant activity, in the form of the barium salt, between 
10 and 16 provisional international heparin units per mg 

The rate of hydrolysis at 100® in 7 5 per cent (by volume) sulfunc acid 
distinctly differentiates this polysaccharide from the chondroitinsulfunc 
acid which hydrolyzes much faster, and from the hyaluromc acid which 
hydrolyzes even more rapidly 

The yield of this fraction from ox liver almost equals that of heparm, but 
that from lung makes up only a fifth 

All of the heparin preparations are more or less inhomogeneous This 
applies to the strongest ones, vith approximately three sulfate groups for 
each disacchandc unit, as well as to the monosulfunc acid It is question- 
able whether any chemically veil defined heparin samples can be obtained 

The authors are greatly indebted to Mr Gunnar Linddn, Apoteksvam- 
centralen Vitrum, and to Mr Viktor Mutt for their assistance during the 
performance of the work 
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(Received for publication, June 19, 1948) 

Oxidation with penodic acid affords a possibility of drawing conclusions 
regarding the internal structure of some polysaccharides Smce two adja- 
cent hydroxyl groups are required, some compounds such as heparm tn- 
sulfunc acid, m which sulfate groups occupy three of the four hydroxyl 
groups assumed to be present, will not react with periodic acid Ordmary 
heparin has therefore been found not to consume penodate (1) It also 
gives a negative reaction with fuchsm-sulfurous acid after treatment with 
periodic acid A fraction of the hepann polysaccharide with a lower sulfur 
content, the heparm monosulfunc acid descnbed in the precedmg paper 
(2), on the contrary, consumes lodate and gives a strongly positive reaction 
in the color test 

In applying the color test to different polysaccharides related to heparm 
k it was found that chondroitinsulfuric acid, which has the same elementary 
composition as heparin monosulfunc acid, gives a negative test This 
result was somewhat unexpected The different behavior of the two re- 
lated polysaccharides can, however, easily be explamed 
Depending on the linkages between the two mam components of these 
mucopolysacchandes, the ammo sugar and the uromc acid, the sulfate-free 
polysaccharide will have two adjacent hydroxyl groups either m both of the 
components of the disacchande umt (cf (2) Fig 1, upper structure), m one 
(low'er structure), or in none of them YTien a hydroxyl group becomes 
estcnfied w'lth sulfunc acid, one a-glycol structure is elimmated 
The different behavior of the two related compounds, heparm monosul- 
func acid and chondroitinsulfunc acid, to penodic acid consequently dis- 
closes a difference m the internal structure of the two polysacchandes 
Furthermore, the same was demonstrated when the polysacchandes wnre 
submitted to acid hydroljnis m 7 5 per cent (by volume) sulfunc acid (cf 
(2) lower structure. Fig 1) 

The reaction wath penodic acid can also be used for stainmg polysac- 
charides in animal and plant tissues, as suggested recently by Hotchkiss 

I ‘This imcstigation was aided by grants from the Knut and Alice Wallenberg 
'=^oandation, Stockholm 
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(3), the reaction products, the aldehydes, giving a red color vnth fuchsin- 
sulfurous acid Since oidinaiy hepaiin does not react and heparin mono- 
sulfunc acid gives a positive reaction, we applied this color reaction to tlie 
tissue mast-cells, the hepaiinocytes, which are Imovui to produce hepann, 
hoping to find a positive reaction indicating the presence of the monosulfimc 
acid in these cells Actuall}'’, the granules of the hepaiinocjdes of the sub 
cutaneous tissue of the young rat leadily gave a veiy intense led coloi vith 
fuchsm-sulfurous acid after tieatment of the tissue slices with periodic acid, 
but no color without this tieatment The histological technique, howeier, 
is not yet fully elaborated and does not allow any final conclusions to be 
dravn Many souices of erroi must fiist be eliminated Thus, for ev 



Fio 1 A glucosaminoglucuronoside with two groups (above) and one group (bo 
low) reacting with periodic acid 

ample, oxidants such as chiomic acid cannot be used for fixation of the 
material, and the fuchsin itself has a great affinity foi the tissues The 
question of the occurrence of the hepann monosulfuric acid m the tissues 
V ill be studied further by us both chemically and histologically The resist- 
ance of the chondioitinsulfuiic acid to penodate could easily be demon- 
strated histologically In staining sections fiom tiachea with the Hotch- 
kiss technique, the mucous cells acquired a bright red color from hyaluionic 
acid, -whereas the caitilage lemamed completely unstained 

EXPERIRIENTAIi 

Consitmplion of Periodic Acid bij Some Mucopolysaecliandes 
The consumption of periodic acid was measuied accoiding to the method 
of Fleury and Fatbme (4) 
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50 rag samples R ere dissolved m 5 ml of water to which 3 ml of a 0 11 N 
»enodic acid solution were added The samples were left standing for 20 
lOurs at room temperature After that time the excess of periodate was 
lestroyed through addition of 10 ml of a 0049 n arsenous acid solution 
Some potassium iodide was added and the arsenous acid not consumed was 
ixidized R ith 0 1 N iodine solution 

The consumption of periodic acid by some polysaccharides related to 
aeparra, calculated on 100 mg of ash-free organic substance, was as follows 


Hyaluronic acid , Na salt 
Heparm monosulfunc acid, Ba salt 
Chondroilinsulfunc “ Ca 

Hepann tnsulfunc “ Na 


S per cent of Penod\c acid con 
dry substance sumed, mg HIO4 

54 6 

5 42 52 8 

3 91 16 3 

12 17 8 2 


The consumption of periodic acid by heparm monosulfunc acid equals 
that of the hyaluromc acid as calculated on organic substance It is evi- 
dent that hepann tnsulfunc acid does not react with the penodic acid, the 
low figure found being partly due to the presence of pigments adhenng to 
the hepann Chondroitmsulfunc acid consumes a certain smaller amount 
of periodic acid but not more than can be explained through the sphttmg 
off of sulfate groups The sulfur content of this preparation of chondroitm- 
sulfunc acid was 3 91 per cent, whereas the calculated figure R’as 4 94 per 
cent About 20 per cent of the sulfates had been split off dunng prepara- 
tion, thus liberating a-glycol groups 


Color Test on Dtfferenl Polysaccharides 

The color reaction r ith fuchsin-sulfurous acid after penodate oxidation 
can, as well as the penodate consumption, be used as a quahtative test for 
glycol structures in sugars and for a rough quantitative estimation of poty- 
saccharides One of us (B A ) elaborated a technique for the quantitative 
colorimetric test m Rhich the excess of pcnodic acid R'as destroyed through 
ultraviolet irradiation before the fuchsm-sulfurous acid was added 

The proccdurewas as follows (1) Penodic acid, 400 mg of HtlOe, and 135 
mg of NaAc 311.0 were dissohed m 50 ml of water, pH about 2, (2) 1 n 
HC l, (3) fuchsm-sulfurous solution made up asfolIoRS 2 gm of basic fuchsin 
dissohed m 400 ml of boiling Rater To the cooled and filtered solution 
10 ml of 2 X hydrochlonc acid Rerc added and 4 gm of potassium raetabi- 
suinte, this lias decolorized Rith 1 gm of charcoal Up to 10 ml or more 
of 2 X li5droch]onc acid iierc added in small portions until, after the last 
addition, the mixture dried spontaneously m a thm film on a glass slide, 
yiitliout giiing a pink color 

il/cdicd— The substance Ras dissohed m 5 ml of Rater, and 3 ml of the 
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periodic acid solution m ere added, whereupon the sample was heated to 
boiling The solution Mas immediately n radiated by a 500 w'att quartz 
lamp in a 125 ml quaitz flask The lamp, 20 5 cm high, M^as placed 7 cm 
above the flask and suriounded by an aluminum cylinder having a diameter 
of 18 cm In older to pi event i eduction of the pei iodic acid to iodine Aid 
lamp M as not allon ed to i adiate n ith its full capacity On n i adiation wfli 


o 



Fig 2 Color intensity in the fuchsm-sulfurous acid reaction after periodate o\i 
dation of some polysaccharides related to heparin Air-dned samples Curve 1, 
hyaluronic acid, sodium salt, 50 mg , Curve 2, heparin monosulfuric acid, barium 
salt, 50 mg , Curve 3, galacturonic acid, 50 mg , Curve 4, chondroitinsulfuric acid, 
calcium salt, 100 mg , Curve 5, heparin trisulfunc acid, sodium salt, 50 mg , Curve 
6, water 

1 8 ampeies during S minutes, no fiee iodine was pioduced and the heat 
veiy slight Aftei iii adiation 2 ml of 1 N HCl and 8 drops of the Scliiff 
reagent tverc added The coloi evtinction was measured after 5 minutes 
in a Coleman spectiophotometei 

The color intensity gnen in this leaction by the different mucopoly 
sacchaiides is shown m Fig 2 As is seen, heparin trisulfuiic acid and 
chondroitinsulfuiic acid do not react ivith penodate, tvhereas hepaim mono- 
sulfuric acid and hyaluronic ac d are easily oxidized 
The color intensity obtained with hyaluronic acid is proportional to the' 
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amount of substance present (Fig 3). a proportionabty not to be found on 
analysis of hepann monosulfunc acid 

DISCUSSION 

Oxidation with penodic acid has revealed defimte differences between 
hepann monosulfunc acid and chondroitmsulfunc acid There must be a 
D 



Tiq 3 The color intensity of different amounts of hyaluronic acid (sodium salt) 
in the fuchsia sulfurous acid test after periodate oxidation Calculated on ash- 
free organic substance Cune 1, 30 mg , Curve 2 , 20 mg , Curve 3, 10 mg , Curved, 
6 mg , Curv o 6, u ater 

difference cither m the linkages between the smgle sugar components or m 
the location of the sulfate group In accordance with this they also show 
a different belntior toward hydrolysis mth acids In the chondroitin- 
sulfunc acid there cannot be more than one glycol unit with two adjacent 
hjdroxyl groups The sulfuric acid is probably bound to one of these 
hydroxyl groups, because as long as chondroitmsulfunc acid is intact, as it is 
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in the cartilage, it does not react with peiiodic acid and gives a negatne 
Schiff coloi leaction, whcieas the ordinal^'- piepaiations of chondioitmsul- 
fiiiic acid consume a small amount of peiiodate This is probably due 
to a loss of sulfate gioups duiing pieparation, as is also evidenced through 
the lov sulfur content 

The Schiff leaction, if applied histologicall3% seems to enable us to dem 
onstiate the presence of the hepaiin monosulfuiic acid in tissues Thus 
the gianules of the tissue mast-cells in the subcutaneous tissue of the j'oung 
lat give a aeiy stiong fuchsm-sulfuious acid leaction, which could be due 
to the presence of this acid oi some othei hepaim precursoi 

SOTDVDVRY 

Wheieas ordinal }’■ hepaiin does not leact with pei iodic acid, the hepcanii 
monosulfuiic acid gives a coloi leaction vith fuchsin-sulfuious acid after 
peiiodate oxidation 

The gianules of the mast-cells in the subcutaneous tissue of the lat arc 
stionglj'- colored vith Schiff’s leagent, vhich could indicate the presence of 
heparin monosulfuiic acid oi some other hepaim piecuisoi Chondioitm 
sulfuric acid is lesistant to this reagent, the cai triage being completely 
unstained when tieated with pei iodic acid and subsequent!}'’ with fuchsin 
sulfui ous acid This indicates a diffeience betv een chondi oitinsulfunc acid 
and the hepaim monosulfuiic acid, either m the mteinal linkages between 
the tvo carbohydiate moieties oi m the location of the sulfate gioups 
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The metabolism of plutonium in man has become a matter of concern 
with the development of the chain-reacting pile For this reason a portion 
of the first plutonium produced by the Clinton pile was set aside for animal 
studies in order to evacuate the hazards which plutonium naight present to 
man In March, 1944, 11 mg of plutonium were made available to this 
laboratory for animal studies from the first production of the Clinton pile 
Later studies were undertaken at the Metallurgical Laboratory, University 
of Chicago (1), and at Los Alamos (2) 

Plutonium is produced by the neutron irradiation of U”® , the U”® imtially 
formed decays by the emission of a negative j5-particle The Ne^® 
created by this process in turn decays by negative |3-particle emission to 
form Pu’® Tins isotope of plutonium, having a half life of 24,000 years, 
decays by the release of a-particlesto V®*, which occurs in nature and has a 
half life of 7 X 10® years 

Methods 

Preparahon of Itlaicnal — ^The plutonium was prepared in the three 
valence states for injection by Professor R Connick and his col'eagues, 
iiorking under the direction of Dean W M Latimer in the College of 
Chemistry 

The +3 valence state was prepared by the reduction of PuCU by SO 2 m 

0 47 N HCI The -f-4 plutonium w^as prepared prior to the mtramuscular 
injection by first precipitating the +4 hydroxide from the original PuCh 
solution and dissolving the precipitate in 0 47 n HNO3 The + 6 pluto- 
nium w as prepared by oxidation of the Pu 02 (N 03)2 with dichromate The 
plutonium was precipitated as sodium plutonyl acetate, the preparation 
dissoli ed m HCI, and then precipitated as NaPu 02 Ac 3 The precipitate 
was again dissohed in HCI and the plutonium reprecipitated ivith NaOH 
Finally, this precipitate was dissohed in 0 45 N HCI 

1 'Tins Mork was performed under contract No W-7403-eng-48-A inth the Man- 
Imttan District, United States Army 


2S3 
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The solutions containing the three separate valence states of plutonium 
veie tested qualitatively a spectiophotometnc method and each vas 
found to contain less than 20 pei cent of plutomum m the form of valence 
states othei than the one specificallj^ desiied These stock solutions con- 
tained approximately 2 mg of plutonium per cc Immediately before 
injection the solutions vere diluted vuth sufficient isotomc saline to bnng 
the pH to 2 5, and they contained appioximately 15 y of plutomum per cc 
Adimmsliahon to Rats — Omng to nutntional and metabolic similanties 
to man, the animal chosen for this woik was the rat The three plutomum 
solutions, as descnbed above, were immediately administered to rats In 
order to avoid undue plating of tlie plutomum on the syringes and needles 
used for injection, they were washed with 0 01 n HCl before use In spite 
of this precaution, consideiable difficulty was expenenced vith plating, 
especially with respect to Pu in the -1-4 state However, the equipment 
used foj injection was assayed for plutonium m order that the actual dose 
of Pu admmisteied to the lats could be deteimmed 
Tvelve gioups of tliiee animals each were injected vrth approximately 
15 7 of Pu intiamusculaily in the left leg, the Pu solutions being employed 
in the thiee valence states described above Folloiving this, groups of rats 
veie sacrificed at 4, 16, 04, and 256 days aftei admimstration of plutomum 
m the -f 3, -+-4, and -f-6 valence states 
Thiec gioups of lats weie given plutomum in its tliree valence states 
01 ally and saciificed 4 days latei ' 

The excreta were collected from all gioups at daily intervals In order 
to reduce the lathei laborious plutomum assays as much as possible, the 
urine and feces w ere pooled for the following intervals, 0 to 2 days, 2 to 4 
da 3 '-s, 4 to 8 days, 8 to 10 daj'-s, and evciy 8 dajm thereafter "Wlien the 
animals were sacnficed, the organs removed included the hvei, Icidney, 
testes, spleen, muscle, slcin, stomach, large and small intestine together with 
the cecum, bone, lung, biain, and blood The left hind leg, which was the 
site of intramuscular admmistiation, ivas removed and assayed separately 
in oidci to determine the percentage of plutonium remaining unabsorbed 
Testes, spleen, muscle removed from the unmjected nght leg, stomach, 
small and large intestines, lungs, brain, and 3 to 5 cc of blood obtained by 
heait punctuie wcie pooled for each gioup In the case of bone, the un- 
injected nght leg bones were assajmd separately from the rest of the 
skeleton The skinned carcass, wdiich consisted of the rest of the skeleton, 
muscle, fat, and blood, ivas dried and ashed as a umt Tlie skeleton was 
separated from this by sifting the ash through a fine screen The plutomum ^ 
content of both of these portions was determined The plutomum present/ 
in this ash, not included in the skeleton, is listed under “balance” m Tables/ 
I, HI, and V after the calculated plutomum content of the muscle system' 
of the ammal had been subtracted from it 
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The tissues were assayed m the following manner Immediately after the 
animals were sacnficed, the organs and tissues were removed and weighed 
while et Durmg the first part of the experimental program with plu- 
tomum, all of the tissues were ashed in an electnc muffle foUomng a pre- 
hminary drying at 150° Several determinations were done m which a 
Ivnown amount of plutomum m its three valence states was added to m- 
active ammal ash, which was brought up to a temperature of 500° and 
maintamed at this level for 24 hours No measurable amount of plu- 
tomum was lost from this ashing method by volatihzation 
In later studies the tissues were wet ashed with concentrated HNO3 and 
30 per cent HjOj When the ashing was completed, all of the acid was 
boiled off, leaving a white ash Followmg either wet or dry ashing, the ash 
was dissolved in a solution which nas 2 N HNO3 and 0 2m hydroxylamine 
The final concentration of animal ash m the mtnc acid hydroicylamme 
solution was 20 mg per cc 0 5 ce of the solution was used for the assay 
of plutomum Duplicate assays were made for every tissue and the details 
of the analytical procedure were as follows 
500 7 of La(N03)3 m 25 microliters were added to 0 5 cc of a solution 
of tissue ash in a 2 cc centnfuge cone (Because of the presence of a- 
emitting contaminants in some of the La(N03)j available, the latter must 
be checked for a emitters by runmng blanks on each batch received The 
radioactive contamination present is beheved to be actimum, whose chemi- 
cal properties resemble closely those of lanthanum, as well as plutomum m 
the 4-4 state ) 

0 2 cc of 6 N HF was added and the mixture stirred with a platmum rod 
The cone was then centnfuged at 6000 n p m in a small centnfuge for 30 
seconds The cone nas removed and the walls v, ashed down with the 
supernatant solution The mixture was centnfuged for 3 minutes and the 
supernatant solution discarded The precipitate of LaFj contaimng the 
plutonium nas then dissolved in concentrated mtnc acid and transferred to 
a platmum dish 1 inch in diameter The cone was washed ivith a small 
amount of water, and this was also added to the dish 2 drops of 6 n HF 
nerc added to the solution in the platinum dish in order to reprecipitate 
the LaFi and the plutomum 

Tlie dish containing the precipitate nas gently warmed on a hot-plate 
until diy and then flamed to a dull red heat for a few seconds 
The precipitate nas found to fbrm a verj’- thin even fihn nhich nas quite 
adherent to the platinum The a-particles from these samples were 
counted, each sample being counted tmee It nas found that the LaF, 
precipitated from the diluted ash samples of bone, feces, and unne nas 
. somenhat more bulky than nould be expected from the amount of lantha- 
num used as a earner A large senes of a-particle measurements n as made 
from the ash of these three types of matenal, and a relatively constant 
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degree of self -absorption of the a-pai tides was found which ranged fiom 18 
to 22 per cent for the feces and bone and 10 per cent for the mine Owing 
to the fact that the remaindei of this extraneous material in the LaFs pre- 
cipitate would have necessitated a slow and laboiious purification pro- 
cedure, the appropriate correction factoi was applied to these samples 


Table I 

Deposition of +3 Plidomumm Tissues of Rat after Inlranntsculai Adnnmsh ahon into 

Left Leg 

Tlic V allies given are in per cent of the dose Average values for three rats at each 
tune interval 



4 days 

16 days 

64 days 

256 days 


per cent 

per cent 

per cent 

per ceni 

per cent 

per cent 

per cent 

per cent 


per organ 

per 

per organ 

per gm 

per organ 

per gm 

per organ 

per gm 

Lungs 

0 05 

0 04 

0 00 

0 05 

0 00 

0 05 

0 07 

0 05 

Spleen 

0 OS 

0 13 

0 09 

0 15 

0 22 

0 40 

0 21 

0 42 

Blood 

0 45 

0 04 

0 20 

0 02 

0 10 

0 01 



Liicr 

1 12 

0 14 

0 87 

0 14 

1 71 

0 30 

0 93 

0 12 

Kidney 

0 30 

0 18 

0 10 

0 07 

0 27 

0 19 

0 31 

0 17 

Brain 

<0 01* 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

Stomach 

0 06 

0 02 

0 03 

0 02 

<0 01 

<0 01 

0 09 

0 03 

Intestines 

0 25 

<0 01 

0 23 

0 03 

0 08 

<0 01 

0 12 

<0 01 

Bone 

10 8 

0 64 

18 7 

1 13 

30 3 

2 09 

30 6 

1 97 

Muscle 

0 50 

<0 01 

0 76 

<0 01 

2 74 

0 03 

1 66 

0 02 

Balance 

2 16 


1 81 


1 78 


1 37 


Left leg 

77 1 


68 0 


39 7 


23 7 


Skin 

0 61 

0 03 

0 62 

0 03 

0 49 

0 02 

0 20 

<0 01 

Go lads 



0 06 

0 02 





Tail 





1 68 

0 24 



Urine 

0 11 


0 19 


0 97 


1 12 


Pcces 

1 53 


0 74 


19 5 


30 8 


Actual recovery 

05 1 


92 5 


99 6 


91 2 



* Mthough samples in this and the succeeding tables marked <0 01 per cent had 
me isurahlc amounts of activity, the acluities were of a low order and are probably 
not significant to more than two decimal places 


Bone radioautographs weie piepaied fiom undecalcified femui sections 
by techniques desciibed elsewhere (3) These were made from animals 
sacrificed at intervals ranging fiom 8 to 256 days aftei intramusculai 
administration Doses langing fiom 15 to 25 y were used 

Results 

The ai erage \ aluc of absoiption of plutonium in each of its three valence 
slates from the gastrointestinal tiact was found to be 0 007 pei cent This 
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value may be even lower, since it is predicated pnmanly upon the limits of 
the sensitivity of the counting apparatus used and the number of micro- 
grams of plutomum available for these studies 
Data are presented in Tables I and II which give the relative deposition 
of plutomum m the tissues of the rat when admimstered in the -|-3 state 
These studies were earned out for 256 days after admimstration of the 
plutomum, as were those involving the +4 and -fG valence states It can 
be seen from an examination of Table I that -f 3 plutomum is only partly 
absorbed from the mjection site, 77 per cent remaimng at 4 days and 23 per 


Table II 

Deposition of Plutonium in Tissues of Rat Corrected for Recovery and for 
Unahsorbed Balance at Injection Site 


Average values for three rats at each tune interval 



4 days 

16 days 

64 days 

256 days 


figr cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 


per organ 

per gm 

per organ 

per sm 

per organ 

per im 

per organ 

per gm 

Lungs 

0 32 

0 25 

0 26 

0 22 

0 15 

■IS 

0 11 

0 08 

Spleen 

0 50 

0 82 

0 40 

0 66 

0 38 

mm 

0 32 

0 64 


2 84 

0 25 

0 88 

0 09 

0 17 

mm 



Liver 

7 06 

0 88 

3 84 

0 62 

2 94 

mm 

1 41 

0 18 

Kidney 

1 89 

1 13 

0 44 

0 31 

0 46 

0 33 

0 47 

0 26 

Brain 

0 03 

0 02 

0 03 

0 02 

0 02 


<0 01 

<0 01 

Stomach 

0 38 

0 23 

0 13 

0 09 

0 01 


0 14 

0 05 

Intestines 

1 58 

0 06 

1 02 

0 13 

0 14 


0 18 

<0 01 

Bone 

68 1 

4 04 

82 6 

4 99 

52 1 

3 59 

46 3 

2 98 

Muscle 

3 15 

0 04 

3 36 

0 04 

4 71 


2 51 

0 03 

Skin 

3 85 

0 19 

2 74 

0 13 

0 84 

Bmli 

0 30 

0 01 

Gonads 



0 26 

0 09 





Tail 





2 89 

0 41 



Urine 

0 69 


0 84 


1 67 


1 69 


Feces 

9 65 


3 27 


33 5 


46 6 



cent at 256 days The largest portion of the matenal absorbed is deposited 
m the skeleton Liver, kidney, and spleen were the only other tissues 
examined which contained relatively large concentrations of plutomum 
The excretion of plutomum occurred pnmanly m the feces In Table II 
the same data are presented mth corrections' for recovery and absorption 
from the mjection site 

* These corrected values were obtained by calculating the relative amounts of 
plutomum present in all of the tissues and excreta, exclusive of the plutomum remain- 
ing unabsorbed in the left hind leg, and the amount of plutomum in the balance less 
the calculated quantitj present in the blood, muscle, and carcass This tjpe of 
extrapolation, which attempts to correct for the amount of unabsorbed plutonium 
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Tables III and V demonstrate the deposition of plutonium in the tissues 
of the lat ^^hen administeied as the -|'4 and +6 valence states The 
corrected values are given m Tables IV and VI These data are similar to 
those obtained for plutonium in the +3 valence state, demonstrating 
major deposition in the skeleton Of all of the soft tissues, the livei, 
kidney, and spleen show the highest afiinity for plutomum per gm How- 


Table III 

Deposition of +4 Plutonium in Tissues of Rat aftei Inti amuscular Adnnnistrahon 

into Left Leg 


The values given are in per cent of the dose Average values for three rats at 
each time interval 



4 days 

16 days 

64 days 

2S6 days 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 


per organ 

per sm 

per orjait 

per gm 

per organ 

per gm 

per organ 

per gm 

Lungs 

<0 01 

<0 01 

0 01 

0 01 

0 03 

0 02 

0 02 

0 01 

Spleen 

<0 01 

<0 01 

0 01 

0 03 

0 03 

0 07 

0 05 

0 12 

Blood 

0 05 

<0 01 

0 01 

0 01 

0 04 

0 01 



Liver 

0 OS 

<0 01 

0 19 

0 03 

0 5G 

0 08 

0 41 

0 04 

Kidncj 

0 03 

0 02 

0 OS 

0 04 

0 10 

0 05 

0 07 

0 03 

J3r uii 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

Stomach 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

<0 01 

Intestines 

0 05 

<0 01 

0 05 

<0 01 

0 11 

<0 01 

0 07 

<0 01 

Bone 

1 44 

0 OS 

2 IS 

0 14 

12 9 

0 84 

n 5 

0 60 

Muscle 

0 03 

<0 01 

0 08 

<0 01 

0 63 

<0 01 

0 59 

<0 01 

Balance 

2 35 


1 05 


1 68 


0 28 


Left leg 

95 8 


87 6 


68 1 


66 S 


Skin 

<0 01 

<0 01 

0 06 

<0 01 

0 17 

<0 01 

0 21 

<0 01 

Gonads 



<0 01 

<0 01 

0 05 

0 02 

0 06 

0 02 

Tad 





0 84 

0 13 



Urine 

0 01 


0 04 


0 39 


0 43 


Foccs 

0 11 


0 43 


4 70 


9 42 


\ctual rocoverr 

100 0 


91 8 


90 3 


89 9 



eici, their concentiation of plutonium pei gm averaged fiom one-fifth to 
one-tenth that of bone The coi responding concentiation of plutomum in 
the othci soft tissues vas very much less 


present, appears to be the best method of indicating the true metabolic behavior of 
this substance The observed quantity of plutomum in the balance, less that esti- 
mated to be present in the blood and muscle of the carcass, is thought to represent 
the amount of the injected solution uliich evtravasated beyond the point of amputa- 
tion and remained unabsorbed 
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For all groups it will be noted that the corrected data show that there is 
no apparent and significant difference m either the distnbution or excretion 
of plutonium in its three valence states This is demonstrated m Tevt-fig 1 
which shows the relative proportions of the absorbed plutomum in the 
three valence states in the excreta and m the skeleton Their similanty 
suggests that plutomum exists m the body in the same valence state, re- 
gardless of the valence state m which it was admimstered 


Table IV 

Deposition of Plutonium in Tissues of Rat CoTrected for Recovery and for 
Unabsorbed Balance at Injection Site 


Average values for three rats at each time interval 



4 days 

16 days 

64 days , 

256 days 


m 


m 




m 




IH 


WM 

cent 



m 

^9 

per organ' 

per 


1 per DTgan^ 

pergm | 

m 


per 

gm 

Lungs 

0 

22 

0 

17 


■CM 

0 

16 


is; 

0 

10 

0 

09 

m 

irel 

Spleen 

0 

33 

0 

50 


32 

0 

95 


15 

0 

34 

0 

22 

0 

53 

Blood 

2 

76 

0 

22 


19 

0 

01 
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However, a very great difference m the amounts of plutomum absorbed 
from the site of injection was noted for the three valence states The 
greatest degree of absorption vas observed for -fC plutonium, the least for 
plutomum, and -f3 was intermediate in chaiacter These dissimilar 
rates of uptake from the injection site are shovm m Text-fig 2 

Radtoaulograplis 

Radioautographs of adult rat femurs vere made at penods ranging from 
8 to 256 days after plutomum admimstration All of these shoved the 
deposition of plutomum on bone surfaces, z c , m the region of the penosteal 
and endosteal bone surfaces, and on the endosteal coi enng of the trabecular 












Table VI 

Dc-posiUon of -\-G Plulomuviin Tissues of Ral Corrected foi Recovery and for 
Unabsorbed Balance at Injection Site 


A\ ernge values for three rats at each lime interval 



4 dais 

16 days 

64 days 

256 days 


m 



per cent 1 

per cent 

per cent 

per cent 

per cent 

per cent 


per organ 

per gm 

per arson' 

per sn 

per organ. 

per gm 

per organ 

per gm 

Lungs 

0 

30 

0 23 

0 

15 

0 

12 

0 

17 


11 


m 

0 

04 

Spleen 

0 

38 

0 01 

0 

32 

0 


0 

53 

0 

88 


27 

0 

47 

Blood 

3 

27 

0 27 

0 

31 

0 


0 

21 


m 





Lner 

13 

6 

1 78 

2 

77 

0 


4 

21 

0 

50 

1 

49 

0 

IS 

Kulnej 

1 

90 

1 00 

0 

09 

0 

41 

1 

71 


90 

0 

27 

0 

16 

Brain 

0 

03 

0 02 

<0 

01 

<0 

01 

<0 

01 


m 

<0 

m 

<0 

01 

Stomach 

0 

05 

0 19 

0 

09 

0 

04 

0 

15 

0 

08 

0 

04 

0 

01 

Intestines 

2 

24 

0 11 

0 

73 

0 

07 

0 

49 

0 

04 


12 

<0 

01 

Bono 

C5 

3 

3 15 

04 

0 

2 

01 

55 

s 

3 

68 

47 

4 

3 

17 

Muscle 

2 

47 

0 03 

2 

2S 

0 

03 

1 

50 


02 

1 

urn 

0 

01 

Skm 

2 

13 

0 OS 

0 

S8 

0 

03 

1 

13 

Ha 



36 

0 

01 

Gon ids 




0 

15 

0 

00 




Tail 







3 

23 


53 





Lnno 

0 

3S 


S 

07 



4 

32 



4 




Tcccs 

7 

40 


19 

6 



26 

5 



44 

4 




290 
















SCOTT, AXELROD, FISHER, CROWLEY, AND HAMILTON 


291 



/)^ys nfTER /a/j-£CT/ou 

Text-Fio 1 Proportion of plutonium found in e\creta and skeleton of the rat 
after intramuscular administration of plutonium in +3, +4, and +6 valence states 
Values corrected for absorption from the left leg 



Text Fig 2 Loss of plutonium from the hind left leg of the rat after intnmus 
cular injection of the +3, +4, and 4-G valence states The ordinate scale gi\es the 
per cent of plutonium remaining at the injection site 
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bone (Fig 1) The picture of plutonium deposition at 8 days was the same 
as that found aftei 256 days In othei words, no shifting or redistnbution 
of plutonium took place after its initial deposition m the adult animal 
Fig 2 shows a section in which the periosteum was foituitously stripped off 
of*^the bone The radioautograph demonstrates that a large amount of 
plutomum IS present in this stopped layer 

Conclusions 

No significant variations in the metabolic beha^uor of plutonium were 
obsen^ed m each of its three valence states It is piobable that plutomum, 
when absorbed and distnbuted throughout the body, exists m a single 
\ alence state which is independent of its valence at the time of admims- 
tration 

Plutonium IS not absorbed from the gastrointestinal tract to any sigmfi- 
cant degree Following parenteral administration, the chief organ of 
deposition IS the skeleton The soft tissues havmg the greatest concen- 
tration of plutomum are liver, lodney, and spleen, their content of plu- 
tonium pei gm , however, is fiom one-fifth to one-tenth that of bone 

The chief channel of elimination is the digestive tract The rate of 
plutonium excretion is veiy slow and its half penod of retention in the body 
is estimated to be greatei than 2 years 

Radioautographic studies show that plutonium is deposited primarily in 
the legion of the peiiosteum, endosteum, and the endosteal covering of the 
trabecular bone Examination of many of these preparations suggests 
that the pimcipal site of deposition is on the bone suiface and that a very 
limited accumulation takes place m the mineral structure of the bone No 
significant redistnbution of plutonium took place in the bone dining the 
penod of these expenments 

The solcctn^e localization of the plutomum on the bone surfaces explains 
the liigh toxicity of plutonium compared to equivalent quantities of radium 
This effect aiises from the fact that the radium is distnbuted throughout 
the mineral portion of the bone, and a laige propoition of the «-pai tides is 
absoibcd before they can entei the maiiow cavity Plutomum a-particles 
can bombaid bone marroiv moie leadily, since theie is relatively less self- 
absorption of radiation by the bone 

SUMMARY 

Detailed metabolic studies of Pu-®® admimsteied to lats mtiamuscularly 
in the -f3, -1-4, and 4-6 valence state are presented Plutonium wms not 
found to be absorbed from the gastrointestinal tract to any extent The 
skeleton was the mam organ of deposition of plutomum, and the degree of 
retention in this organ was veiy great No significant differences weie 
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observed in the metabolic properties of plutonium absorbed by the body for 
its three valence states Radioautographs demonstrate the deposition of 
plutomum m the region of the endosteum, penosteum, and the endosteal 
covermg of the trabecular bone 
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EXPLANATION OF PLATES 
Plate 1 

Fig 1 Section of femur from an adult rat injected intramuscularly vuth 15 r of 
plutonium and sacrificed after 8 n eeka The radioautograph demonstrates the super- 
ficial deposition of plutonium in the region of the periosteum, endosteum, and trabec- 
ular bone Hematoxylin, eosin, and silver nitrate, X 8 

Plate 2 

Fig 2 Radioautograph and section of femur from a rat injected intramuscularly 
with 25 y of plutomum and sacrified after 5 weeks During the preparation of the 
sections the periosteum became separated from the shaft, and the autograph shows 
a heavy deposit of plutomum in this stripped laj er No calcium was detected in this 
particular area Hematoxylin, eosin, and silver nitrate, X 10 4 
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A STUDY OF THE MECHANISM OF “PHOSPHOTRANSFERASE” 
ACTIVITY BY USE OF RADIOACTIVE PHOSPHORUS ■= 

By BERNARD AXELROD 

{Fiom the Enzyme Research Division, Bareau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United Stales Department of igriculture, 

Albany, California) 

(Received for publication, June 21, 1948) 

“Phosphotransferase” activity, which has been previously descnbed (1), 
involves the enzymic transfer of phosphate from various aryl phosphates to 
particular hydroxyl compounds, apparently inthout the mediation of a 
nucleotide It was indicated in this work that the phosphate group vas 
transferred directly from the donor to the acceptor compound The main 
basis for this belief was the observation at the enzyme plus inorganic 
phosphate did not transfer phosphate to the cceptor compound Never- 
theless it remained possible that the accepted phosphate arose from the pool 
of inorgamc phosphate (which is always present since "phosphotransferase” 
activity is always accompanied by phosphatase activity), and the cleavage 
of the donor phosphate compound only provided the energy for the estenfi- 
cation 

It has now been possible through the use of to prove the direct 
transfer of phosphate from donor to acceptor This has been shown m two 
ways When unlabeled p-mtrophenyl phosphate was used as a phosphate 
donor in the presence of labeled inorganic phosphate, the synthesized 
phosphate ester contained virtually no labeled phosphate But w hen the 
same donor contained labeled phosphate and w^as used w'lth unlabeled in- 
organic phosphate, the synthesized ester did contain labeled phosphate as 
active as that present in the donor 

In summary, the tests were conducted by subjecting p-nitrophenjd 
phosphate to the action of punfied citrus phosphatase (which exliibits 
“phosphotransferase” actmty very markedly) m the presence of methyl 
alcohol and inorganic phosphate After incubation the increase in free 
nitrophenol was measured, showing the amount of mtrophenyl phosphate 
split At the same time the increase in inorganic phosphate was measured 
to determine how much of the phosphate split from the substrate had been 
reestenfied to methyl phosphate, as explained in the earlier paper (1) 
The methjd phosphate thus formed was isolated from the reaction mixture, 
and the specific radioactn ity of the phosphorus was determined As this 
value IS independent of the amount recovered, considerable loss in j lelds 

* Enzyme Research Laboratory Contribution No 112 
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■nas taken in oidei to msuie high puiity of the isolated pioduct Results 
are compared in terms of specific activity (counts pei minute per mg of P) , 
ne\ertlieless the yields of punfied meth3d phosphate were laige enough to 
account for about a quarter of the synthesis calculated from the analyses 
of the digest 

Preparahon of Labeled POOL— The labeled POCI3 was made by a method 
somewhat similai to that lepoited by Lmdberg (2) A mmture of 6 29 gm 
of 85 per cent H3PO4 and 1 ml of a dilute aqueous solution of Na2HP®=04 
was aerated on a hot-plate until the deciease m iveight show^ed that the 
solution was anhydrous, then thoroughly mi\ed woth 15 gm of PCIb, and 
heated to give a jueld of 80 per cent (based on PCh) of ledistilled POCI3 ^ 
Stai fmg with 1 1 X 10® counts per minute, 3 13 X 10® counts per minute 
weie rccoiered, the ma\imum possible lecoveiy wms 3 76 X 10® 

Synlhcsis of Labeled p~Ahii ophemjl Phosphate — ^The procedure previously 
used for the sjmthesis of inactive p-mtiophen^d phosphate w^as emplojmd 
with some modification To 310 mg of p-nitrophenol, dissolved m 1 4 ml 
of diy CHCI3, 1 0 ml of labeled POCI3 was added, followed by 0 34 ml of 
dry pj-^ndme, care being taken to piovide good agitation and cooling 
-flfter 30 minutes seveial pieces of ice w'eie added and the leaction mixture 
allow ed to stand several hours to insure decomposition of the acid chlorides 
The p-mtiophenjdphosphonc acid w^as obtained as a sticky tar by extrac- 
tion with CHCI3 and removal of the solvent w'lth a stream of air The 
crystalline sodium salt of the acid was obtained by adding 2 ml of H2O and 
enough sodium alcoholate to make the solution jUst allcahne to phenol- 
phthalem, followed by the addition of a large excess of 1 1 acetone and 
ethanol The cr3'’stals, after w'ashing with 1 1 ethanol-ether, weighed 100 
mg As a further step m purification, the pioduct w'as converted to the 
barium salt by dissolving it m 3 ml of H2O, adjusting the pH to the pmk of 
phenolphthalein, and adding a slight excess of baiium acetate A shght 
precipitate wms removed bj'' centrifugation, and the supernatant wms made 
78 per cent wath respect to ethanol The resulting precipitate was washed 
twice wath the same volume of 95 pei cent ethanol and finallj’' with ethyl 
ether P content, found 7 56 per cent, calculated (for the trihj^diate) 7 60 
per cent These ciystals were found to be crystallogiaphically identical 
with baiiura p-nitiophenjd phosphate prepared from an authentic sample 
of disodium p-nitrophenjd pliosphate 2H2O Appioxrmately 100 mg of 
the crystals were diluted with the barium salt derived from 500 mg of 
inactne disodiura nitrophenyl phosphate for use m the followmg 
experiment 

elTicicnt utilisation of radioactive material one should use the 
U3I 0, a'? the hmiting starling material, m accord with the stoichiometric proportions 
of 1 mole of IIjl’Oi to 3 moles of PCU as determined by Geuther (3) 
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“Phosphotransferase” Reaction with Labeled Nitrophenyl Phosphate — 454 
mg of the banum salt were converted quantitatively to the sodium salt and 
mixed with an equivalent quantity of ordinary sodium phosphate Acetic 
acid was added to pH 5 0, also 9 cc of methanol, 6 cc of m acetate buffer 
(pH 5 0), and finally en2yme, to a total volume of 62 cc The enzyme 
employed was 708 umts of navel orange juice phosphatase, Preparation 
D (4) After 6 hours at 38°, tests showed that 91 2 per cent of the onginal 
mtrophenyl phosphate had been digested, -with the appearance of only 28 6 
per cent of the cleaved phosphate in the inorganic form, thus mdicatmg that 
22 4 mg (71 4 per cent) of the onginal phosphorus had been reestenfied to 
methyl phosphate 

Methyl phosphate was thereafter isolated from the reaction mixture as 
BaMeP04 H2O, essentially as descnbed m the earher paper (1) Two 
consecutive crystallizations from hot water were employed 80 3 mg of 
banum methyl phosphate (dned m vacuo at 56° to constant weight) were 
recovered 

The specific radioactivity of the phosphorus was found to be 29 2 ± 0 5 
counts per minute per mg of P in the imtial banum nitrophenyl phosphate 
and 29 1 ± 0 5 m the recovered banum methyl phosphate 

“Phosphotransferase” Reaction with Radioactive Inorganie Phosphate — An 
even better proof of the direct transfer of phosphate from the donor to 
methyl alcohol is shown by the fact that m the presence of relatively large 
amounts of labeled morgamc phosphate the S3mthesized methyl phosphate 
was almost free from labeled phosphate The reaction mixture contained 
100 mg of Naj-p-mtrophenyl phosphate dihydrate, 3 ml of methanol, 2 
ml of M acetate buffer, pH 5 0, 168 umts of p-mtrophenyl phosphate 
phosphatase (lyophihzed navel orange juice phosphatase Preparation D), 
0 1 ml of labeled phosphate contaming 0 678 mg of P and having 5 84 X 
10® counts, and water to give a final volume of 21 ml The pH v as adjusted 
to 5 0 with acetic acid Digestion was earned out at 38° for 5 hours, follow- 
ing which the solution was treated in essentially the same manner as befoie 
for the isolation of the methyl phosphate In this case, however, after the 
reaction was stopped, inactive Na2MeP04, equivalent to 500 mg of 
BaMeP04 H2O, was added to facihtate the recovery of the enzjmiically 
synthesized methyl phosphate, and 910 mg of Na2HP04 vere added to 
dilute the labeled morgamc phosphate and mimmize contamination of the 
methyl phosphate After two crj’^stalhzations the specific acting did not 
change mth further recrystallization The final product veighed 121 4 
mg after drying over P2O5 at 56° in vacuo and had a count of 368 per 
minute Analyses showed that 38 6 mg of nitrophenol had been liberated 
during the reaction but onlj’- 3 71 mg of inorganic phosphorus (equn alent 
to 43 3 per cent of the total mtrophenyl phosphate cleaved) The estenfied 
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phosphorus corresponded to 41 8 mg of BaMePO^ H 2 O Smce 500 mg of 
that substance had been added as cauiei, complete lecoveiy of BaMeP 04 
should ha\e yielded 541 8 mg The total count of the BaMeP 04 H 2 O (for 
the 41 S mg of sj nthesized phosphate estei) was therefoie 1640 or a specific 
activity of 336 counts per minute per mg of P Had the phosphorus of the 
synthesized compound come from (or through) the moiganic pool, its 
specific activit}^ could not have been less than 6 4 X lO'’, even in the least 
fa\orable (and leally impossible) case m which all the phosphate was split 
from nitiophenjd phosphate befoie any of the methyl estei vas sjmthesized 

In another experiment earned out undei similai conditions the relative 
specific activit}'’ found for the synthesized BaMeP 04 H 2 O was 125 as com- 
pared to the h 3 ’’pothetical lower hmit of 1 3 X 10® The contiibution from 
the inorganic pool is therefore legaided as negligible 

SUMAURY 

Bj’’ using, in one case, P®^-labeled nitrophen 3 d phosphate, and, in another, 
radioactive moiganic phosphate it has been shown that m the “phos- 
photransferase ’’-catalyzed transfer of phosphate fiom nitiophen 3 ’'I phos- 
phate to methanol the transported phosphate does not pass thiough the 
inorganic stage 

It IS a great pleasure to the authoi to acknowledge the lundness of 
Piofcssoi D M Gieenbeig and Dr Theodore Winnick foi then helpful 
ad\icc and for making available the facilities of the Depaitment of Bio- 
chemistiy. University of Califoima, foi a portion of this woik and to 
cxpicss thanks to Di FT Jones of the Western Regional Reseaich Labo- 
ratory foi the crystallographic analysis 
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STUDIES ON THE FHOSPHORUS METABOLISM OF GREEN 
ALGAE AND PURPLE BACTERIA IN RELATION 
TO PHOTOSYNTHESIS 

By HOWARD GEST* ai,d MARTIN D KAMEN 

{From the Malhncf rodl InsUtule of Radiology and the Department of Chemistry, 
Washington University, St Louis) 

(Received for publication, April 28, 1948) 

The concept of circulating phosphate bond energy has been proposed 
as a basic mechanism for energy transfer m the chemosynthetic and photo- 
synthetic reduction of COj (1-4) Participation of phosphorylated mter- 
mediates m the “light” reactions of mtact photosynthetic rmcroorgamsms 
has not been established, although several attempts hate been made to 
demonstrate such phenomena (2, 5) To date, evpenments with hvmg 
cells show that a significant reproducible net change m internal phosphorus 
distnbution is generally difficult to establish, even m cases in which the 
metabohsm is known to mvolve phosphorjdated mtermediates Hence, 
it IS necessary either to prepare extracts capable of performmg partial 
reactions m which mtermediates accumulate or to study phosphorus turn- 
over with a radioactive tracer (P®*) 

The preparation of extracts havmg the capacity of reducmg CO* under 
the influence of light has not yet been successful We haie therefore 
mvestigated the phosphorus turnover The results obtamed m this in- 
vestigation mdicate either that phosphorylation is an mtegral feature of 
the photosynthetic process proper or that non-related “dark” phosphor 3 'l- 
atne reactions are greatly stimulated m some way as a consequence of 
illumination The existence of a true light-stimulated respiration or 
fermentation accompanied by gas consumption or production is considered 
to be very unlikely (6) However, the possibility that other “secondarj’^” 
phosphorylative reactions not associated with CO* reduction are mdirectl}’- 
affected by illumination has not been eliminated conclusnely 

In the course of the expenments, it has been found that the total phos- 
phate content and its distnbution m the cells are stronglj’- dependent on the 
morgamc phosphate content of the growth medium Cells grown in “high” 
phosphate media store an appreciable quantity of soluble phosphate which 
IS readily lost when they are suspended m water, sahne, and other solu- 
tions The removal of a large fraction of this excess phosphate bj wash- 
mg has no apparent effect on the ability to cavri' on photo337ithesis These 
incidental obsen'ations on phosphate nutntion are of importance to the 
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problems of pbotos 3 mthesis only in so far as their cognizance is desirable 
for intelligent planmng of future experiments They are perhaps of more 
interest as an illustration of a phenomenon which appears to be rather 
wide-spread among many types of microorgamsm 

EXPERIMENTAL 

Prcporotion of Cultuves — ^Two species of Ghlorococcales were used, 
Chlorclla pyrenotdosa and Scenedesmns Ds (Gaffion) ^ Both organisms 
weie grown in pure culture m the medium desciibed below (a modifica- 
tion of Gaffron’s medium (7)) Part A, tap watei 1000 ml , NH 4 NO 3 0 52 
gm , hIgS 04 7 H 2 O 0 52 gm , and ICH 2 PO 4 0 208 gm (0 0125 gm for the 
“low” P medium), Part B, tap wnter 100 ml , ICHCO 3 5 gm , andNaHCOs 
5 gm 

Parts A and B w'ere sterilized separately by autoclaving (Part A m 
bubbling flasks of the Warbuig type) 10 ml of Part B were added to 
each 2-10 ml of Pait A under sterile conditions to furnish the complete 
growth medium The moculated flasks wnre maintained in a wnter bath 
at 20-25°, aerated continuously with 5 per cent COi-OS per cent air-gas 
mixtuie, and illummated wnth incandescent lamps Cultures were or- 
dinal 1 I 5 han'’ested for use 3 to 5 days aftei inoculation (not longer than 1 
day after the density appeared to be maximal) Seveial experiments 
were made wutli cells giowm m a medium as above wuth the addition of 
~ 10 ~* M FeClj and trace elements as lecommended hy Amon ( 8 ) Cells 
grown m this supplemented medium show^ed no significant differences m 
phosphate turnover compaied wuth cultures giown in the usual manner 

Ehodospinllum nihnm (strain SI) w^as grown anaerobically m glass- 
stoppeied bottles with a j^east autolysate-mmeral salt medium similar to 
that desciibed by lan Niel (9), wuth sodium acetate 01 n-butanol as hy- 
drogen donor Cultuies w’ere growm in media containing different con- 
centrations of phosphate, these are indicated in connection wuth the lesults 
of the paiticiilar experiments The bottle cultures weie incubated at 
~25° undei constant illumination wnth incandescent lamps 

M(inomd)ic Mcasure}ne}iis — Rates of photosynthesis and respiration of 
the algae were determined by measuiing the rate of oxj''gen exchange m 
0 1 M NaHCOs (Sccncdcsrnvs) or Warbuig’s Buffei 9 (Chlorella) wuth air 
as the gas phase Respiiatorj’" measurements were made either bj'" covermg 
the bath with a dark cloth or by WTapping the individual vessels wuth 
ahiniinum foil The foil is veij’’ effective m excluding light and w^aspartic- 
iilaili useful in the P^- turnover experiments, in w'hich it was desiiable 
to run daik and light samples simultaneously m the same bath Saturation 

It e are indebted to Dr C B van Niel of Stanford University for supplying the 
strains of algae and purple bacteria used for these evpenments 
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light intensity was provided by a bank of 60 watt lamps above the vessels 
The temperature was maintamed at 25° or 30°, as mdicated It should 
be noted that rather dense suspensions ivere used in order to facilitate the 
analyses There must have been considerable “shadmg” in the light, 
smce dilution of the suspensions usually mcreased the ratio, O2 produced 
m the hght-Os consumed m the dark 

The photosynthetic CO2 assimilation by Rhodospinllum rubrum vas 
followed with bactena suspended m 0 05 per cent NaHCOa under an 
atmosphere of 5 per cent CO2 m N2 (10, 11) Sodium butyrate or n- 
butanol served as hydrogen donor Changes in the bicarbonate content 
of the liquid phase were determmed m control vessels by tipping m H2SO4 
at the be ginnin g and end of the experiment Gas production durmg the 
dark "autofermentation” was measured m a smular manner m foil-wrapped 
vessels 

Phosphorus Determinahons — ^Total phosphate was determined ns m- 
orgamc orthophosphate after digestion of the matenal m,th H2SO4 and 
H2O2 After clearmg the suhunc digests with several drops of 30 per cent 
H2O2, they were diluted with distilled water and boiled vigorously to 
hydrolyze pjTophosphate Aside from the use of Pictol (Malhnckrodt, m 
NaaSOs -p NaHSOs solution) m place of the usual reducmg agents, the 
method of Lohmann and Jendrassik was followed (12) Optical densities 
were measured m a IGett-Summerson photoelectnc colonmeter (Filter 66) 
after approximately 1 hour’s development Inorganic phosphate standards 
were always mcluded Differences m P” assay of the order of 5 to 10 
per cent were not considered significant, even vhen there appeared to be a 
“trend” m the data 

Inorganic phosphate in trichloroacetic acid (TCA) extracts ivas estimated 
by the Fiske-Subbarow method (13) with Pictol as the reducing agent 

Tests for labile phosphate esters were made by the procedure recently 
developed by Lowry and Lopez (14) With ascorbic acid as the reducmg 
agent m acetate buffer solution at pH 4, presumably only true inorganic 
phosphate is detected by this procedure Differences betv een the values 
obtained by this method and those shown by the Fiske-Subbarow method 
are ascribed to labile esters (acyl phosphate, etc ) 

Radwaclmiy Measuremenis — ^Aliquots of the sulfunc acid digests vere 
also used for assay of P^ All samples (salme washes, etc ) were neutralized 
to the phenolphthalem end-pomt and evaporated to dryness on small 
watch-glasses under infra-red lamps Activity was detenmned by means 
of a conventional end-window Geiger-Muller countmg tube connected 
with a scale-of-64 circuit Corrections for decay or self-absorption were 
unnecessary In all expenments radioactmty balances were obtained 
and recoveries of labeled phosphate summed up over all chemical fractions 
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as compared with the initial labeled content of the whole cells were always 
greater than 90 per cent 

Fraciwnahon of CeJJs— Thus far only ciude fiactionations have been 
made, piimarity because of difficulties which aie discussed below In the 
“uptake” e\penments, bacteiia oi algae weie exposed to solutions con- 
taining (2 to 5 miciocuiies per ml ) in the foim of inoiganic phosphate 
undei the same conditions as for manometiic measuiements Each vessel 
usually contained '~0 1 ml (wet volume) of cells In a number of expel i- 
ments with the algae small Eilenmeyei flasks (25 ml ) were used rather 
than Warburg vessels In these instances, contiol manometiic measuie- 
ments vere simultaneously made with aliquots of the algal suspension in 
order to be suie that the cells weie photosynthesizing and respiring nor- 
mally 

After suitable mtenmls of time, the suspensions weie extracted directly 
01 the cells washed and then exti acted with '^10 ml of cold TCA (final 
conccntiation 5 to 6 pei cent) for about 1 hour at 5° Foi the usual uptake 
experiment, the oiganisms weie hai vested and used mthout washing, the 
TCA extiact was discaided, and the lesidue washed twice with 10 ml 
poi tions of cold 5 per cent TCA Specific activity (counts per minute per 
miciogiam of P^^) in the gioss lesidue was then determined 

Fiactionation of the TCA-insoluble lesidue was accomplished by a 
pioccdurc del eloped foi anabasis of the same fiaction of yeast “ As ap- 
plied heie, this consisted of the following steps Lipides were lemoved 
vith cold alcohol and subsequent repeated extinctions with hot ether- 
alcohol mixtuie (3 1) The lesidue from the lipide extinction was then 
tieated with 1 n KOH foi 24 hours at 37° This tieatment brings phos- 
phoprotems and nucleic acid phosphate into solution Specific activities 
in the hpide fiaction, KOH extiact, and KOH lesidue weie deteimined m 
the usual mannei 

When the cells could be washed aftei exposuie to the TCA extracts 
Meic letamcd for specific actnity deteiminations (in these instances, the 
lesidue uas -cashed only once with seveial ml of 5 pei cent TCA and the 
wash added to the extiact) 

Results 

I hosphorus Erchunge between Cells and Medium — ^Resting cell suspen- 
sions aie ordinarily piepaicd by haix^esting a cultuie and washing the cells 
Ihoioughlj' in ordei to lemove traces of nutiients and othei substances 
icnnining fiom the occluded cultuie fluid The w^ashmg liquid is usually 
distilled water, 0 So pei cent saline, oi less fiequently fiesh cultuie medium 
It IS well known that substances must be leadily lost fiom bacterial cells, 

- Juni, E , Kimen, M D , Reiner, J M , and Spiegelman, S , in press 
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since washing frequently leads to “inactivation” of the organisms (15) 
In spite of this possibility, washing is almost mvanably necessary in up- 
take experiments, smce an excess of the tracer generally remams m the 
external medium Consequently, the effect of n ashing on the internal 
phosphate composition was studied Table I illustrates typical data ob- 
tamed when organisms grown m the presence of are w'ashed with saline 

Table I 

Lealage of P’ from Internally Labeled Cells of Chlorella pyrenoidosa and 
Rhodospinllum rubrum {SI) into Successive Washes of Saline and Growth 

Medium at 0“ 

The results are expressed in counts per minute 

Experiment A, 5 day culture, Evperiment B, 4 day culture, Experiment C, 5 day 
culture. Experiment D, 8 day culture The washes consisted of 25 ml portions of 
ice cold solution Centrifugations were made in a refrigerated centrifuge at 0° as 
rapidly as possible In all cases, the saline was 0 85 per cent For Chlorella, the 
medium was Part A of the growth medium (approximately 50 y of P per ml) For 
Rhodospinllum, the medium was the same as the complete growth medium (700 to 
800 7 of P per ml ) In Experiment B, approximately 0 3 ml wet volume of algae 
was washed in each case In Experiment C, 87 mg , dry weight, of bacteria 
were n ashed in each senes 




Chlorella pyrenotdosa 


RJiadosptrtllum ruhrum (SI) 


Erpcnment A 

Expemnent B 

Experiment C 

Experiment 

D 


Saline 

Medium 

Saline 

Medium 

Saline 

Medium 

Medium 

Wash 1 



1,040,000 




330,000 

“ 2 


Bv M B 

343,000 



8,350 

40,600 

“ 3 

162,500 

MB 

35,400 




17,100 

“ 4 



21,000 


■SRS 

5,650 

15,000 

“ 5 

22,800 


16,100 


BIBSi 

5,450 

10,200 

Washed 

organisms 



1,847,500 



1,125,000 

Original 
supernatant 
per ml 



410,000 



160,000 


and phosphate-containing solutions The phosphate m all fractions of 
such cells IS necessanlj’^ labeled and completely equilibrated with exogenous 
phosphate, te, external and internal phosphate hate the same specific 
activity 

From these data, it is evident that mtemal phosphate is graduallj re- 
moved by successive v ashes under conditions in vhich metabolism is 
presumably at a low lex el (0®) Similar results were found in experiments 
with Scencdcsmtis Dj 
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The effects of washuig on distnbiition in Rhodospinllwn ruhrum are 
shoira m Table II The data weie obtained by suspending the Avashed 
bacteria from Experiment C of Table I in 15 ml of saline and ex ti acting 
1 ml aliquots ivitli TCA Equal quantities of cells weie used in each 
series (87 mg , diy iveight) 

If the specific actnaty in the external medium and the total number of 
counts associated with the cells originally (ivashes plus Avashed cells) are 
knoAATi, it IS possible to make a faiily accurate estimate of the amount of 
initially piesent in the bacteiia (about 177 y pei ml ) Further, if 
AA^e assume that the acid-insoluble phosphate does not exchange with the 
medium, as appears to be the case from the specific activities given in 
Table II, then it is clear that saline AA^ashes lemoA'^ed ~87 per cent of the 
phosphate initially m the soluble fi action, Aidiereas AA’^ashmg AAoth medium 


Table II 

Distribuhon of and in Rkodospirilbim lubmm {SI) after Washing with 

Saline and Medium 



1 

' Saline washed 

j 

Medium washed 


1 Y 

counts per mtn j 
per y 

1 

7 

eounts fer mn 
pery 

Total P* 

75 7 

mSSm 

321 5t 

141 7 

P in TCA ovtract 

15 3 

Wmm 

254 5 

108 5 

“ " " residue 

60 4 

■■ 

51 8 

345 0 


Specific activity in original supernatant ^356 counts per minute per microgram 
(051 y of P" per ml ) 

* Direct determinations, per ml of suspension 

t Of the 321 5 Y, 81 1 of specific activity G 5 were not associated with the cells 

inci cased tlie phosphate content of this portion by 49 pei cent The in- 
crease in phosphate content m the lattei case is a net increase, since a con- 
sideiable amount of tlie oiiginal phosphate Avas lost as showm by appearance 
of P^- in the Avashes Similar experiments with Scenedesmus Ds and 
ChJorcUa pyrcnoidosa showed the same phenomenon, ze, cells groAAm m 
can be differentially labeled simply by washing AAUth unlabeled phos- 
phatc-contaming solutions (loom temperature) 

Algae A\hich liaA'^e been aa ashed AAnth saline still show apparently normal 
pliotosjTithctic and lespiiatory activity in spite of consideiable loss of 
phosphate Tins suggested that the "excess" soluble phosphate is dis- 
pcnsible to tlie cell It Avas found that this stoiage can be eliminated by 
groAAing the algae in a medium containing veiy little inorganic phosphate 
(see the "Ioaa” phosphate medium under "Preparation of cultures”) In 
Tible III, the effects of Avashing on the inteinal distribution m Chlorella 
VVrcnoidosa giOAATi in "high” and "low” phosphate media are compaied 
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Analyses for orthophosphate m the TCA extracts of Experiment 2 of 
Table III showed that the loss mto the washes occurs at the expense of 
the TCA-soluble inorganic phosphate With the Lo^vry-Lopez procedure 
(14), no labile phosphate esters of the acyl phosphate type could be de- 
tected m extracts of organisms gronm m either type of medium It is of 
mterest that the final concentration of orthophosphate m the medium of 
full grown cultures on “high” phosphate is about 40 y per ml , while the 
“low” phosphate medium is usually entirely depleted of phosphate This 
difference parallels that observed by Mann (16) m growmg cultures of 
Aspergillus mger This mold gronm m 0 2 to 0 5 pei cent K2HPO4 media 

Table III 

Distribution in Chlorella pyrenoidosa Oroitm in “Low" and “High" 
Phosphate Media 


All cultures were 5 days old The results are expressed m micrograms 


Medium 

Erpenment No 

Treatment 

Low phosphate ! 
la 

Not washed 

Low phosphate ' 
lb 

Washed* 

1 

High phosphate 
2a 

Not washed 

High phosphate 
2b 

Washed* 

P in TCA extract 

41 2 1 


149 0 

90 3 

“ “ “ residue 

183 0 


404 0 

374 0 

“ “ Wash 1 


0 


16 8 

<1 i( 2 




17 2 

(< 3 

i 

1 

i 



1 10 7 

Total P 

224 2 

223 0 

553 0 

1 

1 609 0 


* The algae were washed with three 10 ml portions of water at room temperature 
(approximately 0 2 ml of wet volume algae in each senes) 


contains 1 to 2 per cent of its dry weight as phosphorus m contrast to 0 3 
per cent when the medium contains only 0 02 per cent K2HPO4 In the 
latter case, the medium is depleted of phosphate rapidly Mann has also 
demonstrated significant disparities m the metabolism of the two tjT>es of 
cultures 

P^- Uptake — ^Typical results showmg the effect of light on P’- uptake by 
Chlorella and Scenedesmus are given m Fig 1, where specific actmty m the 
TCA-insoluble residue is plotted as a function of time Each point rep- 
resents the average of duplicate determmations In all of the expen- 
ments performed, there w'ere no sigmficant or consistent differences be- 
tween fight and dark samples %vith respect to P’* content of any of the 
fractions exammed The acid-soluble portion has as yet, howeier, not 
been exarmned m detail 

The turnover mvohung the insoluble fraction is distinctly greater in the 
light than m the dark Moreover, the extent of this turnover is not di- 
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rectl^’’ propoitional to the meta-bolic activity as indicated by gas exchange 
Foi example, in the cxpeument of Fig 1, B, the lates of O 2 absoiption and 
production obsei'\''ed in contiol vessels veie as follows (a) In the ab- 




Fig 1 Fffect of illumination on P’- uptake by Scencdesmiis Dj and Chlorclla 
prircnoulo'^a A , Sccncdcstniis Dj in 0 1 m NaHCOj containing 0 16 nig of orthophos- 
pliitc ns Ppcr ml andOTGmg offNHA-SOipcrml , temperature, 30° B, ChloTclla 
■pmcnoidosa in Warburg Buffer 9, temperature, 22°, final concentration of KCN, 
4 55 X 10“’ M 

sencc of KCN, photosjoithcsis (collected foi respiiation) = +129 micro- 
htois of O: pel 30 minutes, lespiiation = —36 2 miciohters of O 2 per 30 
minutes (6) In the presence of KCN, photosynthesis (corrected) = 
+37 microhters of O 2 per 30 minutes, respiration = -43 5 miciohters of 
Oj per 30 minutes 
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Thus, although the endogenous respiration (dark) is stimulated slightly 
by KCN, the mcorporation of mto the residue is markedly less m the 
presence of KCN than m its absence (Fig 1, B, Cun’-es C and D) The , 
lack of correspondence between gas exchange and phosphate turnover can 
also be seen by comparmg Curves B and D wth the manometric data 
given for Fig 1, B This mdicates that the differences obsen’-ed cannot 
be attnbuted simply to a greater general metabohc activity durmg il- 
lummation 

Results of other uptake experiments with Cklorella pyrenotdosa are 
listed m Table IV 

The effect of lUummation on phosphate turnover mto the insoluble 
fraction m Ehodosptnllum rvbrum is more pronounced than that obsen^ed in 
the green algae In the expenments summanzed m Table V, the amount 
of CO 2 hberatedby “autofermentation” m the dark nas of the same order 
of magmtude as the CO 2 assimilated m the light (This was true in Ex- 
periment B of Table V also, even though an attempt was made to deplete 
the endogenous resen^es by aeratmg the cells m 0 05 per cent NaHCOs 
for 1 75 hours in the dark before use ) Considered v ith the P’- results, this 
agam denotes the lack of a strict relation between extent of phosphate 
turnover and the over-all metabohc le\el as mdicated by gas exchange 
A large differential m the specific activity is seen even m the endogenous 
contiols (Table V, Experiment B, Column a), apparently there vas 
sufficient hydrogen donor present m the cells to penmt extensive photo- 
synthesis (“autoassimilation”) 

Delmeation of the role played by phosphorylation m CO: reduction will 
depend to a great extent on a knowledge of the compounds actively en- 
gaged m the turnover of phosphate between the soluble reserv oir and other 
portions of the cell A preliminary attempt to identify the nature of 
these compounds ivas made with aliquots of the same bacterial suspension 
that W'as used for Expenment B in Table V Results of a crude fractiona- 
tion of the cells are presented in Table VI After ICO minute exposures to 
light and dark, the cell suspensions were remov'^ed from the Warburg v essels, 
centrifuged, and the cells washed three times with 15 ml portions of cold 
0 85 per cent salme Fractionations were then performed as described m 
the experimental section 

Recent viork indicates that orthophosphate enters the “soluble” por- 
tion of the cell probably as a phosphoester and that organic phosphate 
compounds are subsequent!}’’ derived from a resen oir m this fracti m (17) 
This appears to be also true for photos}-nthetic microorganisms as evi- 
denced by the fact that the highest degree of equilibration w ith cx igenous 
phosphate is found m the soluble fraction (Tables and \ I) OrJinanly, 
the extent of equilibration is easily determined m P’- uptake experiments, 
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m those lepoited heie, the estimates aie complicated by the phosphate 
exchange occurring between cells and medium Foi example, in the experi- 

Tabld IV 

P« Uptake by Chlorella pyrenoidosa zn Warbuig Buffer 9 


E\pcnment A 5 day-old culture grown m “high” phosphate medium, 

temperature, 20° 




Light 

1 Bark 

Time 

Fraction 

Counts per 
mm pcr-ifPJ' 

Per cent 
eqmlibra 
non* 

Counts per 1 
min pcrvF’ij 

Per cent 
equilibra- 
tion* 

tnin 1 



i 

1 

1 


iis 

Whole cellsf 

1560 

2 36 

524 

0 76 



1825 


560 



TCA soluble phosphate 

6320 

S 8 

2120 

2 66 


(calculated) 

TCA residue 

406 

0 57 

131 

0 17 



404 


111 


273 


2120 

2 88 

368 

0 51 



2000 





Experiment B 4 day old cultures groan in “low” and “high” phosphate media, 
duration of experiment, 165 min , temperature, 25° 



Origin of culture 

High phosphate 

Lon’ phospliate 

Light 

Dark 

Light 

Dark 

P*’ in TCA residue, counts per 

298 0 

89 0 

2490 0 

885 0 

ntin pery 

266 0 

106 0 

2320 0 

850 0 

P^' in residue, y 

50 3 

50 5 

41 0 

36 6 


62 0 

63 8 

41 9 

41 7 

Total P«, y 

242 6t 

63 4 

0; per 30 min , mzcroliters 

+163 4§ 

-28 0 

+158 6§ 

-20 1 


* Counts per mm per microgr gm P’* 

Counts per min per microgram P’* in external medium (= 71,700) ^ 

t Cells washed three times with 10 ml portions of water before measurement 
t 71 -y were found to be in the suspension liquid as orthophosphate (only 2 2 t m 
the low phosphate experiment) 

§ Corrected for respiration 

ments With Chlorella pyrenoidosa summarized m Table IV, Expeiiment A, 
the external specific activit}'^ at the end of the expeiiment was 71,700 counts 
pel minute per microgram of while the specific activity of the added 
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tracer was 1,120,000 Analyses for showed that the e'ctemal ortho- 
phosphate, initially from the tracer alone, had been diluted -mth xmlabeled 
orthophosphate released from the cells In this particular case, the final 
external specific activities were identical in light and dark samples 
The extent of equihbiation m the vanous fractions of Ehodospirillum 
nibrum (Table VI) is more difficult to detenmne Although the culture 
was grovTU m a medium vuth only a moderate concentration of inorgamc 
phosphate (~40 y of P per ml ), a rather large amount of phosphate was 
released mto the solution while the culture was being aerated pnor to the 

Table V 

Uptal e by Rhodospirtllum. rubriim (SI) tn 0 05 Per Cent NaHCOi 
Experiment A, 7 day culture grown in “high” phosphate medium (700 to 800 y of 
P per ml ) with n butanol as H donor n-Butanol was used also as H donor for the 
uptake experiment Gas phase, 5 per cent COi m N , temperature 25°, duration of 
experiment, 230 minutes, total P“, 297 y 

Experiment B, 68 hour culture groun in “low” phosphate medium (~40 y of P 
per ml ) with acetate as H donor Sodium butj rate was used as the H donor for the 
experiment In Column a, light and dark, no H donor was added Gas phase, 5 
per cent COj in Nj, temperature, 30°, duration of experiment, 150 minutes (cells 
“dissimilated” by aeration prior to experiment), total P, 117 y 



Experiment A 

Expenment B 


j Light 1 

j Dark | 

Light 1 

Dark 


(a) 

1 (« 

(a) 1 

j W 

M 

(a) 

(6) 

M 


m 

W 

P’* in residue, counts 




8 


2310 

5070 

3110 

356 

299 

276 

pervitn pery 
in residue, 7 






j 94 

91 

96 

88 

90 

88 


experiment proper (767 y per 40 ml , after resuspension m 40 ml of fresh 
0 05 per cent NaHCOs, 5 ml aliquots of the suspension vere used for the 
experiments reported m Table VI) The tracer added had a specific activ- 
ity of about 66,000 counts per minute per microgram of Judgmg 
from the final values of the specific activities m the externa! medium (P^ 
supernatant liquid), even more internal phosphate uas released durmg 
the course of the experiment The activities obsen'ed m the Hashes rep- 
resent very little P^‘ (<2 y per 15 ml in the first wash) If the per cent 
equilibration is calculated on the basis of the final specific actmties in the 
supernatant liquid as 100 per cent, then the effect of light on the tumoi er 
IS even more pronounced than is indicated by the ratios of the specific 
activities given m the last column of Table ^"^1 (light lersits dark) 

At any rate, it may be concluded that the uptake and tumoi er are both 
much greater in the light than in the dark Although the residue contained 
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a laige quantity of lipide phosphorus, this fi action showed very little 
turnoi er The bulk of the diffeience is encountered in the KOH extiact, 
vhich lepresents “total piotein” phosphoius In contiast to j^east (17),* 
the KOH residue contains no detectable the counts obseived in this 
fiaction may veil be due to contamination fiom the KOH extiact 

“Flow’’ Expenvienls — Intel pi etation of uptake expeiiments is some- 
times complicated by the fact that high specific activity tiaceis aie em- 
ployed Under these conditions, lathei laige amounts of ladioactivity 

Table VI 

P’’ Uptake and Distribution in Rhodospirillum ruhrum (.SI) during Photosijnthesis 

and Autofenncntation 

Culture and conditions similar to those described for Experiment B, Table V 



Light 

Dark 

(3) 

(6) 

Counts 
per mm 

(1) 

P.t 

(2) 

Counts per 
mm per y 
psi 

(3) 

Counts 
per mm 

(4) 

psi 

(5) 

Counts 
per mm 
per y r>' 
(6) 



r 



Y 



P’’ supernatant 


22 9 

16,300 

2,120,000 

45 8 



Wish 1 


0 


86,300 

0 



“ 2 


0 


8,000 

0 



“ 3 

HHlin 



5,880 




TCA extract 


62 5 

8,825 

284,000 

65 5 

4,335 


" icsidue 








Lipidc fraction 


125 4 

196 

8,900 

125 1 

71 3 

2 75 

IxOII extract 


295 5 

4,585 

102,025 

239 5 



“ residue 


0 


375 

0 



Total 

2,348,750 

506 3 


2,615,480 

525 9 




are associated vith quantities of P®^ vhich are beyond the range of de- 
tection by the usual coloiimetric procedures Appeal ance of activity m 
the soluble and insoluble fiactions, vithout a significant change in dis- 
tnbiition of 1 does not then necessarily mean that theie is any turnoter 
between these fractions, i e , independent loutes may exist for the uptake 
of minute amounts of into the vaiious fractions of the cell In expeii- 
ments of this natuie, it is dcsuable to test this possibility by means of the 
“flow” expeument 

This may be conducted in one of two w'ays Fust, the cells can be 
grown in the presence of F^^ and then diffeientially labeled by suitable 
procedures Foi example, wnth I ^Mabeled yeast, feimentation of glucose 
in the presence of unlabeled phosphate causes a consideiably gieater 
diminution of the specific activity in the acid-soluble portion compared 
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with the acid-msoluble fraction (18) With such yeast, the effect of any 
given conditions on the flow between, the two fracHons may be readily deter- 
mined With green algae or Rhodospmllum rubnim, the differential m 
specific activities can be established by the simple ex-pedient of washmg 
vuth solutions containing unlabeled phosphate as already described This 
first method, however, is unsatisfactory with photosjmthetic microorgan- 
isms because the amount of phosphate involved m the light-accelerated 
turnover is too small to affect the initial specific activities measurably 
(particularly, if the imtial differential is not very great) It would be 
possible to observe a sigmficant difference in at least one of the fractions 
if the distnbution were very disproportionate 

In the second method, unlabeled cells are exposed to (30 to 50 micro- 
cunes per ml of suspension) for a relatively short time and then v ashed 
thoroughly to remove occluded tracer This procedure usually results m a 
relatively high specific activity m the soluble fraction, while that m the 
insoluble is quite low The cells are then subjected to hght and dark in a 
solution preferably contammg no exogenous phosphate Flow between 
the two cellular fractions can then be followed m a system uncomplicated 
by exchanges occurrmg between cells and medium The results of three 
flow experiments performed by the second method are given m Table VII 
(in Expenment C, exogenous phosphate was present as mdicated m the 
foot-note, all values are the averages of duplicate or tnphcate deter- 
t^ations) 

The specific activity m the soluble fraction is invariably higher than 
that in the msoluble With shorter exposure times (Ex-periments B and 
C, Table VII), the initial differential between the two fractions is somewhat 
enhanced ^ Under the influence of light, the specific activity m the ex- 
tract fraction decreases significantly more than m the correspondmg dark 
samples This mdicates that hght stimulated the flow of low specific 
activity phosphate from the msoluble fraction mto the soluble portion 
The simultaneous flow m the reverse direction is evidenced by correspond- 
mg mcreases m the specific activity of the residue 

In Ex-periment C, Table VII, the stimulatory effect of light on the phos- 
phate turnover is apparent from the specific activities observed m the 
residues The mctract values, on the other hand, show' no correspondmg 
changes This seeming discrepancy is explained by the fact that the P’* 
activity m the extract was much greater than that m the residue at the 

^ Similar results are obtained when carbon dio\ide fixation is studied with C’* ns 
tracer (Allen, M B , and Kamen, M D , unpublished experiments) A discussion of 
' the turnover in the carbon compounds relatu e to solubilitj is gix en in a forthcoming 
monograph of the Photosynthesis Symposium of the Amencan Association for the 
Advancement of Science, December, 1947 
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start of tlie expeiiment Since ~100 y of the extract phosphoui’s Mere 
due to exogenous unlabeled phosphate, it is deal that the tiiie specific 
actnity of the soluble phosphate in the algae Mas consideiably greater 
than 2200 Thus, the flow of seveial mici ogi ams of soluble phosphate into 
the lesidue could change the specific actnit}'' of the lattei 100 pei cent, 
Millie an identical floM' of lesidue phosphate into the soluble fi action M'ould 

Table VII 

I'low of P hctxveen Soluble and Insoluble Fractions in Chlorclla pijrcnoidosa 
E\penmeat A, 3 day culture groHii in “higli” phosphate medium Exposed to 
in Warburg Buffer 9 under good illumination for 20 minutes at 21° Washed cells 
resuspended m Warburg Buffer 9 at 23° for 120 minutes 

Experiment B, 2 daj culture grown in “low” phosphate medium Exposed to 
P’" m Warburg Buffer 9 in light for 1 minute at room temperature Washed cells 
resuspended in Warburg Buffer 9 at 25° for 197 minutes 

Experiment C, 4 day culture grown in “high” phosphate medium (containing 
added Fe and trace elements) Exposed to P’" in complete medium in light for 2 
minutes at room temperature Washed cells resuspended in complete medium at 20° 
for times indicated Approximately 100 y of the quantities listed as TCA-extract- 
ablc phosphate in this experiment were present as exogenous phosphate 


Experiment 

1 

1 

TCA extract 

TCA residue 

Counts per mm 
per y P» 

pit 

Counts per mm 
per y P*' 

pjt 




r 


y 

A 1 

Zero time 

9985 

19 0 

1705 

68 1 


Dark 

7810 

17 3 

2240 

67 5 


Light 

6890 

17 3 

2565 

60 3 

B 

Zero time 

1970 

27 5 

113 

124 5 


Dark 

1073 

30 4 

280 

117 0 


Light 

734 

34 3 

340 

115 3 

C 

Zero time 

2175 

131 0 

159 

84 3 


Dark, SO mm 

2245 

128 5 

189 1 

84 1 


“ 160 “ 

2200 

132 0 

196 

91 0 


i Light, SO min 

2290 

124 8 

237 

85 5 


“ 150 “ 

1 

2055 

127 0 

297 

84 5 


change the specific activity of the extiact phosphate by only a feM’’ pei 
cent or less 

Estimates of the amount of tumovei occuiiing can be made fiom these 
data by calculations inyohung a numbei of assumptions Such calcula- 
tions indicate that a fairlj^ laige fiaction of the soluble phosphoras is, 
paiticipating m the light-stimulated tuinovei Since the compounds con-/ 
coined aie as jet unknoMm, the estimates are at best yery lough appioxi-i 
mat ions As an illustiation, simple isotope dilution calculations can be 
applied to Experiment A (Table VII) as follows ^ 
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Let a = the specific activity in the residue at zero time, b = the specific 
activity in the residue at the end of the experiment, x = the quantity of 
phosphate transferred (this is assumed to be the same m both directions), 
and 68 = the micrograms of P” m the residue Then, for the dark, h /a = 
1 32 Also, 

6 _ 9985j: + (68 - g)(1705) 

a~ ~ 68 (1705) 

From this equation, a, = 4 4 y Solvmg the analogous equation for the 
amount moved in the light gives a; = 7 1 7 Similar calculations m vhich 
the data for the soluble fraction aie used give about the same result In 
connection with these estimates, one point should be emphasized here, 
mz , that the ratio of final specific activities in a particular fraction after 
mcubation m light and dark ((specific activity m the hght)/(specific 
activity m the daik)) is not directly proportional to the difference m 
turnover It may be remarked that a small fraction of the total phosphate 
of the cells is mvolved m tui novel as evidenced by the low equilibration 
values and the flow calculations This fact makes the mterpietation of 
simple uptake expenments difficult, particularly m view of the large 
amounts of phosphate moved about by Hashing procedures, the results of 
which in turn are influenced by culture conditions 

Finally it is worthy of note that the data of Table R^, Experiment B, 
and Tables Y and VII show no obvious fundamental differences in phos- 
phate turnover between cells groivn m “low” or “high” phosphate media 

DISCUSSION 

Before discussing the implications of these experiments to photosynthetic 
mechanisms, it seems worth while to consider briefly phosphate nutrition 
and its effects on the physiology of piicroorganisms The nutntional 
aspects of phosphate metabolism have not been systematically mvesti- 
gated, and our information is limited to mcidental observations made 
during the course of experiments dealing ivith biochemical transformations 
This IS generally true for observations on nitrogen nutrition also The 
results of Mann (16) with Aspergillus mger show that the concentration 
of phosphate used in the growth medium has a profound effect on (a) the 
rate of phosphate utilization, (b) phosphate content, (c) rapidity and extent 
of growth, (d) respiratory quotient, (c) nitrogen metabolism, (/) content of 
certain vitamins, and (g) glucose metabolism Similarly, it has been 
found (19) that the inorganic mtrogen content of the medium mfluences 
the protein content and the enzymatic constitution of Bacterium coh to a 
great extent 

In photosynthetic microorganisms, the phosphate content (and dis- 
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tribution) also depends on the concentration of inorganic phosphate in 
the medium With “high” phosphate concentiation, excess phosphate 
appears to be stored, piimarity in the TCA-extractable fraction This 
phosphate seems to be dispensable to the cells and readily leaks out into 
^\ater, saline, etc , even at low terapeiature Numerous examples of phos- 
phate leakage fiom cells to medium can be found in data repoi ted for vaiious 
types of bacteria In Staphylococcus auieus and Streptococcus hemolyticus, 
both N and phosphate are released into the supernatant in appieciable 
quantity compaied with the amount exti actable ivith 5 per cent TCA 
(even at low temperatuie (20)) Relatively large amounts of both in- 
organic and organic phosphate are soon found in the supernatants when 
Streptococcus faecabs is suspended in saline m the absence of glucose (21) 
During endogenous respiiation, lestmg cells of TJnobacillus thiooMdans 
release inoigamc phosphate into the medium (4, 22) Leakage of phos- 
phate explains the failuie of thoioughly washed Baclenum coli to ferment 
glucose, since addition of inorganic phosphate lestoies the activity (15) 
The actual leakage from Baclenum coh is eiadent m the data given by Mac- 
failane (23) In this case, a young culture of the bacteria aftei two uash- 
mgs vith saline showed a lapid lelease of inoiganic phosphate (into saline) 
in the absence of glucose An appieciable quantity of the oiiginal phos- 
phate of Trypanosoma eqinperdtm is lost when the oiganisms aie v ashed 
v ith saline (24) 

Release of phosphate fiom yeast is repoi ted to be almost negligible 
The expel iraents of Hevesy and Zeiahn (25) with yeast grown in dis- 
closed that only 1 to 2 pei cent of the total content is lost into inactive 
nutiient solution (at 20° over a peiiod of 24 houis) Before peifoiming 
the expenment, however, the yeast was washed thoroughly with nutiient 
medium (containing phosphate) to lemove adhering ladioactivity It is 
possible that some leakage oi exchange occuired duiing the washing 
Accoidmg to Reinei,* about 10 per cent of the total P« of j'-east is released 
into distilled water over a period of several houis at room tempeiature 
(after being washed twice with cold distilled watei) It is inteiestmg to 
note that other expeiiments of Hevesy and Zerahn (25) showed that yeast 
inteinally labeled wath K^* loses a large fraction of its K into the medium 

Prior to the piesent ivoik it does not appear that any success has at- 
tended efforts to demonstrate an unequivocal lelation betw’'een illumina- 
tion and phosphate esterification (2, 5, 6, 26) Emeison et al (2) at- 
tempted to observe shifts in phosphate distribution in various fractions of 
ChlorcUa pyrenoidosa wdiich might have been expected to result w’hen cells 
were illuminated m the piesence and absence of CO 2 They concluded 
that, wath the possible exception of "Ba-msoluble resistant phosphate,” 

' Reiner, J M , private commutwealion 
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no significant changes occurred which could be interpreted as supporting 
hypotheses that conversion of radiant to chemical energy was mediated 
by “high energy” phosphate bond formation However, only the TCA- 
soluble phosphate was fractionated m these researches Our data mdi- 
cate that TCA-soluble phosphate composition is strongly dependent on 
culture and washmg conditions and procedures and thus it is difiicult to 
assess the relevance of the distributions m reported by Emerson et al 
An attempt to use simple uptake of P^* as a defimtive test for the evistence 
of light couplmg to phosphate esterification has recently been reported 
by Aronoff and Calvm (5) No light stimulation of phosphate pick-up 
was obseiv-ed It is evident, however, from our previous discussion of 
complications m the mterpretation of simple uptake experiments and 
from the effects noted m our researches that the demonstration of phos- 
phorylative mechanisms cannot be established without close attention to 
effects attendant on non-equihbration, washing procedures, and prenous 
history of the cultures One other point is worthy of comment It has 
been found that m intact yeast fermentmg glucose m the presence of 
fluoride no acyl phosphate can be detected ® Hence even under conditions 
in which a conversion of morganic to acyl phosphate is reasonably certam 
to be occurring during metabolism m mtact cells, it may be impossible 
with present analytical methods to demonstrate such phosphorjdation 

Arguments which have been presented against the notion of a phosphory- 
lation mediated “directly” by light are based on the absence of any photo- 
chemical model reactions in w'hich there occurs an efficient parcelmg of the 
energy of a single quantum into many smaller quanta 6, 26) ® It should be 
noted that this type of objection can be used against any theory involv- 
mg production and storage of energy m energy-nch bonds 

It IS unnecessary to dw'ell upon the analogies which have been made 
between photosynthetic and chemosynthetic CO 2 reduction (27, 28) 
These may be paraphrased by the statement that mechamsms for CO 2 
fixation are similar in both types of metabolism, but the ultimate energy 
source is different Some evidence exnsts from the exqienments of Vogler 
and coworkers (4, 27) that there may be mediation of phosphate bond 
formation by sulfur oxidation uncoupled from CO 2 uptake in Thwhacilhts 
tlnooxidans The results obtained depended on the determination of 
morganic phosphate in the medium dunng alternate periods of oxidation 
and CO 2 uptake The assumption required was that disappearance of 
phosphate from the medium was s 3 monjTnous with the formation of 
phosphate esters It appears from our washing data that this assumption 
may well require more experimental justification Further, an unexTilained 

‘ Spiegelman, S , private communication 

* Franck, J , private communication 
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igIcusc of pliosplifitG cluijiig ondogGnous mstcibolism of tliG oig&nisnis ussd 
by Voglei d al complicates inteipietation of the conclusions reached 
Othei difficulties, such as a i eiy high ratio of CO2 “h\ed” to phosphate 
“estenfied,” unceitamty as to the state of 1 eduction of the CO2 taken up, 
etc (6), would seem to indicate the desii ability for additional experimen- 
tal evidence beaimg on the lelation of phosphate esteiification to CO; 
reduction It is of inteiest to lecoid the recent observations of McElioy 
(29) who has found that extiacts fiom fiiefly lanteins can be piepaied uhicli 
in the piesence of oxj’’gen exhibit an mciease m bioluminescence upon the 
addition of adenosine tiiphosphate In this piocess, one obseives a lelease 
of light quanta concomitant with oxidation, analogous to a “leveise photo- 
synthesis ” It appeals that a phosphoiylative mechanism is involved in 
absoiption of oxygen and pioduction of light Howevei, no evidence 
exists at piesent that this effect of “high eneigy” phosphate is direct 

The light-induced phosphate tuinovei may be useful m monitoimg 
actiMty of extiacts piepaied fiom photosynthetic oiganisms It may be 
supposed that extiacts vliicli simulate the behaMoi of intact cells with 
icspect to stimulation of phosphate tuinovei by light ma}’’ be good test 
systems foi analysis of components lequned m sjmthetic mechanisms 

SUMMAKY 

1 The uptake and tuinovei of phosphate in vaiious cell fi actions as 
influenced by light has been investigated by the use of two species of 
Chloiococcales {Chlorella pyimoidosa, Scencdcsimis D3) and a species of 
Athioihodaceae {Ttliodospinllum nihrum) 

2 It IS shown that the gioss phosphate distiibution is alteied appieciablj' 
by expoumental conditions (cultuie media, vashing pioceduies) piioi to 
analysis of the oiganisms In particulai it is found that organisms giomi 
in media nith the phosphate composition usually lecommended foi optimal 
gron th contain excess inoi game 01 highly labile phosphate which is easilj’’ 
icmoied by washing, while oiganisms gionm in media of low phosphate 
content do not contain such washable phosphate The unceitamty intro- 
duced into simple uptake expeiiments by these phenomena is discussed 

3 The phosphate uptake in the light is consideiably gieatei than m the 
daik for all the oiganisms examined Because of the unceitainties as- 
sociated nith the tiichloroacetic acid-soluble phosphate, uptake data aie 
usuall} referred to TCA-insoluble phosphate The manometiic data 
obtained mth algae with KCN as an inhibitor of photosynthesis show that 
the uptake of phosphate is not directly related to the respnatoiy activity* 
as measured b}' CO2 evolution In general no rigid piopoitionahty ap-i 
pears to exist between phosphate uptake and the ovei-all metabolic level < 

4 The present studies, m which mteinally labeled organisms are em- 
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ployed, indicate that cellular phosphate turnover and equilibration vith 
e\ogenous phosphate are mediated by a small fraction of the soluble cellular 
phosphate In expenments on flow of phosphate between insoluble and 
soluble cell fractions, it is found that light stimulates phosphate turnover 

5 The results obtained are discussed as v\ ell as those from other studies 
in the literature It appears from these studies that ester phosphate may 
be formed as a result of light absorption, but that there is no expenmental 
evidence which can decide w'hethei such an estenfication is, or is not, 
directly coupled wnth light absorption 

Addendvm — A detailed descnption of the evpenments of Aronoff and Calvin has 
appeared recently {Plant Physiol , 23, 351 (1948)) These workers used an indirect 
method for determination of inorganic and organic fractions of phosphate (P’’) 
taken up Apparently the P” contents of these fractions were not measured in anj 
instance and consequently no data on specific activities are available Since P” 
contents ii ere assumed from values given in the literature by other w orkers using 
different algae, the significance of the calculations of Aronoff and Calvin relating 
phosphate uptake and turnover to light and dark metabolism cannot be readily 
assessed 
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Important progress m our Imowledge concerning the biological precursors 
of henun was made when Bloch and Rittenberg (1) presented evidence that 
significant amounts of deutenum are mcorporated mto the hemm of rats 
fed deuterioacetic acid Further advances m this field were made by 
Shemin and Rittenberg (2-4), who showed that glycme labeled with N“ is 
utihzed as a mtrogenous precursor of hemm, whereas other possible ammo 
acids, such as glutamic acid, proline, and leucine, do not act m a similar 
fashion and contnbute only m an mdirect way to hemm N by enrichmg the 
N*® concentration of the body It has been reported recently that hemm 
synthesis from glycme occurs tn vitro m the presence of avian blood (5) and 
with blood from patients with sickle cell anerma (6) It is of considerable 
mterest for an understandmg of the mechanism of hemm synthesis to deter- 
mme whether the a-carbon atom of glycme is also mcorporated m hemm 

Experiments demonstratmg the participation of the a-carbon atom of 
glycme m the synthesis of hemm are reported m this paper A prehmmary 
report has been published elsewhere (7) 

EXPERIMENTAL 

In order to show that the methylene carbon atom of glycme is mcor- 
porated m hemm, two groups of animals were studied, one group consisting 
of four normal adult rats, and one group consistmg of three adult rats which 
had been rendered anemic by previous phenylhydrazme feeding and which 
were respondmg to this anemia by mcreased hemoglobm production, as 
evidenced by an mcreased reticulocyte count 

These rats were fed methylene-labeled glycme (C**H 2 NH 2 COOH)* of a 
specific activity of 1 83 microcunes per rag m a smgle dose m aqueous solu- 
tion by stomach tube The total dose admmistered m this way was 2 
microcunes, te approximately 1 microcune per 100 gm of body weight 

* This work was performed under contract No W-7401 eng-49 for the Atomic 
Energy Project at The University of Rochester 

* This preparation of glycine was synthesized by Dr R Ostwald and kindly made 
available to us through the courtesy of Dr B M Tolbert of the Radiation Labora- 
tory of the University of California 


319 



320 


HEMOGLOBIN SINTHESI^ 


At vaijong inteivals aftei the glycine feeding, these animals iveie anes- 
thetized inth sodium pentobarbital and bled as completely as possible fiom 
the caiotid arteiy by means of the technique of Buchwald and Hudson (8) 
This teclmique was modified first by the injection of a solution of sodium 
heparm mto the femoral vein prioi to bleedmg fiom the caiotid artery, and 
second bj’" perfusion with physiological saline solution thiough the inferior 
vena car a, this pei fusion bemg continued until the animal died These 
modifications weie adopted in older to secuie maximum yields of hemo- 
globin and in older to free the oigans of contained blood 

Hemoglobm was isolated by crystallization accordmg to the method of 
Waiburg and Reid (9) Ciystalline hemm was piepaied as described by 
Nencki and Zalesla (10) Globin was isolated according to Anson and 
Mirsky (11) Such globm piepaiations were caiefully washed with acetone 
and ether and were found by spectroscopic analysis to contain no bound 
hemm 

Method of Analysis — A method developed by Bale and Masters- was 
employed for the detennmation of C“ activity This method involved the 
conveision of organic mateiial to carbon dioxide by the wet digestion 
method of Van Slyke and Folch (12) The CO 2 thus pioduced was then 
intioduced mto a 1200 ml ionization chamber, together intli inert CO 2 , 
to pioduce a total pressure of 1 atmosphere The ionization curient was 
read through the use of a ballistic vane electrometer, a version of the dy- 
namic condensei electiometer developed at The University of Rochester 
The backgiound ionization current is equivalent to appioximately 200 
dismtegrations per minute Activities of this older aie lead to ±10 per 
cent accuracy and net activities above twice the background to an accuracy 
of appioximately ±3 per cent 


Results 

Glycine Feeding of Normal Rats — Data obtained fiom the feeding of 
methylene-labeled glycine to noimal, untieated rats are piesented in Table 
I, which shows the activities of hemm, globm, and hemoglobm, each of 
which was analyzed separately for C“ activity 

A comparison of the C“ content of globm wuth that of hemm is made for 
the following reasons (1) a comparison of the respective activity of 
hemm and globm would leveal whether the incorporation of m hemm 
was due to the specific precursoi activity of the a-caibon atom of glycine, 
01 w bethel C*'* incorpoiation m hemm was due to a non-specific eniichment 
of the C* concentiation of the body available foi the synthesis of piotems 
and other large moleculai components of the tissues, (2) data available on 
the content of globm wmild peimit the establishment of hemin-globin 

’ Bale, W F , and Masters, R E , unpublished method 
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ratios (shoivn in the last column of Table I) This ratio may be considered 
an mdex of the C*"' partition between hemm and globm and might possibly 
I show measurable vanations under pathological conditions, such as anemia, 
etc 

The content of the hemoglobm found checked fairly well with the 
theoretical value calculated from the content of hemm and globm deter- 
mmed mdependently In making this calculation a molecular weight of 
68,000 was assumed for hemoglobm (13), and it was also assumed that 1 
molecule of globm is capable of combmmg with 4 molecules of hemm (14) 
These theoretical values for hemoglobm are mcluded m Tables I and II 
The exact reason for the discrepancies is not apparent, although the most 


Table I 

C** Activity of Hemm, Globm, and Hemoglobm m Normal Rats after Feeding 

O^HzNHtCOOH 



O* activity of hemm 

C“ activity of globm 


C“ activity of Hb 



Tune after 
glycine 
feeding 

1 

Units 10< 
dismte 
grations 
per mm 
per gm 
hemm 

Per cent 
dose m 
hemm* 

1 

Units I0« 
dismte 
grations 
per mm 
per gm 
globm 

Per cent 
dose m 

Units 10* dismte 
grations per mm 
per gm. Hb 

Per cent dose 
in Hb* 

Activity 
ratio, 
hemm 
globm 
gm basis 


globm* 

Measuredj 

Calcu 

latedt 

Measured 

Calcu 1 
lated 

days 

1 1 

25 2 

0 49 

2 84 

1 42 

3 54 

3 69 

1 83 

1 91 

8 9 

— 6 

31 0 

0 66 

4 61 

2 57 

2 93 

5 65 

1 69 

3 23 

6 7 

8 

18 3 

0 29 

2 20 

0 86 

2 69 

2 82 

1 10 

1 15 

8 3 

8 

17 4 

0 46 

2 31 

1 56 

2 04 

2 87 

1 43 

2 02 

7 5 


* On the basis of total circulating blood 
t On the basis of hemm and globm measurements 


likely cause for this disagreement is contammation of hemoglobm or globm 
samples In both groups of animals, one of the calculated hemoglobin 
values deviates markedly from the value foimd, m each case the measured 
value bemg lower than the calculated value It is conceivable that a low 
activity contammant, e g stroma, precipitated iwth hemoglobm, thus 
bringing about the observed disagreement between the calculated and meas- 
ured values 

In Table I are also shoum calculations of the percentage of the total dose 
of C** incorporated in hemm, globm, and hemoglobm These percentages 
were calculated from mdependent colorimetric hemoglobin determinations’ 
before the animals vere sacrificed or on the assumption that the hemo- 
^globm of the rat represents 13 8 per cent of the total rat blood, vliich m turn 

’Acid hematin mbs determined with the photoelectric colorimeter of IClett and 
Summerson 
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amounts to 7 per cent of the total body weight The value assumed for 
hemoglobin is based upon that published by Thewlis and Meyer (15) and 
checks vuth a small series of rats used m our laboratory * In geneial, 0 5 
pel cent of the total dose of C“ admmistered was incorporated m hemm 
Glycine Feeding of Phenylhydrazine-Treatcd Rats — Tliree lats Mere each 
given 24 mg of phenylhydrazme hydrochloiide by stomach tube on 2 
alternate days, resultmg in a depression of the eiythrocyte count These 
animals Mere then alloM^d to enter the recoveiy period, in the course of 
M’hich the reticulocyte count reached a level of 15 to 20 per cent l\0ien 
this level M^as reached, methylene-labeled glycine was admmistered 
Since these animals M'eie sjmthesizmg hemoglobin at a more rapid rate 
than normal rats, it is not sui prising to find that the hemoglobin contamed 
considerably higher concentiations of C“ This is shoMm m Table II It 


Tabie II 

C^* Activity of Hemm, Glohin, and Hemoglobin of Phenylhydrazinc-Trcated Rais after 

Feeding C^*H-<NHiCOOH 


Time after glycme 
feeding 

C" activity of 
hemm units, I0< 
disintegrations per 
min per gm hemm 

C* activity of 
^lobin, units, 10* 
disintegrations per 
min per gm 
globm 

C“ activity of Hb, units, 
10* disintegration per nun 

1 per gm Hb 

1 

Activity ratio, 
hemm globm, 
gm basis 




daji 

1 

52 2 

7 18 

3 42 

8 9 

7 3 

4 

58 5 

8 24 

10 9 

10 2 

7 1 

5 

160 0 

16 6 

23 5 

22 1 

9 6 


* Calculated on the basis of hemm and globm measurements 


IS interesting to note that the latio of hemm to globm, expressed on a gm 
to gm basis, lemains faiily constant and agrees quite M^ell M'lth that of the 
normal animals This suggests that the paitition of C“ in normal animals 
and m animals recoveiing from phenylliydiazme anemia varied Mithin 
similai, narrow limits and was of the same oidei of magnitude It cannot 
bo said M’lth certainty at this time M'hether the ratio of neM’ly formed hemm 
to ncM ly formed globm is constant under all conditions There are mdica- 
tions, hoMGver, that under certain nutiitional conditions® this hemm to 
globm latio is altered extensively 

The significance of the hemm-globin latios cannot be completely assessed 
at this time HoM’evei, the hemin-globin ratio is consideied to leflect the 
rates at Mhich hemm and globm are synthesized and the diffeiences betM’een 

* For the blood volume, the assumed value is based on that cited bv Griffith and 
Farris (IG) ■’ 

‘ Unpublished experiments of the authors 
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these respective rates The rates of incorporation of glycine in hemin and 
globin could be assessed by comparing the activity per glycine residue 
I mcorporated m hemin and in globm Such a companson reveals that the 

activity per glycme residue is approximately 1| times as high for hemin 
as for globm, suggestmg that the rate of hemm synthesis is slightly faster 
than the rate of globm synthesis 

For the purpose of makmg an approximate prelimmary calculation, it is 
assumed that 75 per cent of the total C’^ activity of globm is present as 
glycme residues,® and that there are 50 glycme residues per mole of globm ’’ 
It IS furthermore assumed that 4 glycme residues are mcorporated m 
every molecule of newly formed hemm 

DISCUSSION 

The experiments reported m this paper mdicate that the methylene 
carbon atom of glycme is mcorporated mto the hemm molecule, and that 
glycme labeled with C* m its a-carbon atom acts as a precursor of the tetra- 
pyrrole structure of hemm Because of the finding that the amount of 
activity of hemm is sigmficantly greater than that of globm, it may be con- 
cluded that the incorporation of glycine mto hemm is a process which does 
not depend upon the ennchment of the concentration of the body 
Thus, it appears probable that the a-carbon atom of glycme is incorporated 
i directly mto the hemm molecule The mechanism of this reaction is at 
■' present unknown 

Shemm and Rittenberg (4) have pointed out that glycme may participate 
m hemm synthesis m a manner analogous to a reaction recently described 
by Fischer and Fink (18) m which a pyrrole-hke substance is formed as a 
result of the condensation of glycme and a i5-ketoaldehyde Such a concept 
IS tenable even m view of the report that the carboxyl carbon atom of 
glycme is not mcorporated m hemm (19) ® If the Fischer and Fmk reaction 
is operative m hemm synthesis, it must be assumed that the carboxyl group 
IS removed at some point durmg the condensation reaction or after the 
formation of the pyrrole nng 

It appears more likely that the carboxyl group is removed after the pyr- 
role ring has been formed, smce no enzyme system capable of decarboxjdat- 
ing glycme has so far been discovered, the possible exception being the 
fermentation of glycme by Dtplococcus glycinophilus (20, 21) This point 

' It 13 quite conceivable that the entire C” activity of globm does not reside in 
the glycine residues, but that the C“ actiMty of other amino acids also contributes 
to the activity of globm 

, ’’ The glycme content of rat hemoglobin is assumed to be analogous to that of 

horse hemoglobin as determined by Shemin and Foster (17) 

* Radm, N , Rittenberg, D , and Shemm, D , personal communication 
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of View IS also supported by the e\peiiment of Lorbei and Olsen (22) who 
reported that no appreciable decaiboxylation of glycine, labeled with C'‘ 
in the caibo\yl gioup, takes place m isolated mammahan heart prepara- 
tions Furthermoie, the hemin of lats to which CaC^'^Oa has been admm- 
istcied contains significant amounts of C’'> (23) Thus, one would expect 
that, if caiboxyl-labeled glycine were decaiboxylated, the CO 2 thus fonned 
could contribute to hemin synthesis, piovided that its concentration was 
high enough 

Indirect evidence that the caibon-nitiogen bond in glycine remains 
intact is derived fiom the observation of Shemin and Rittenberg (3) that 
N^®-containing ammonium citiate fed to rats is not incorporated intc 
hemin These experiments also suggest that the oxidative deaminatior 
described by Ratner, Nocito, and Gieen (24) for a variety of tissues doe; 
not play a significant r61e as far as glycine utihzation foi hemin synthesii 
IS concerned 

Suitable methods foi the degiadation of the hemin molecule are as ye' 
not available Foi this reason it has not been possible to determine thi 
distiibution of in the tetrapyirole structuie of hemm Attempts t( 
develop such methods are now m progress in this laboratory 

SUMMAEY 

1 It has been shmvn that a-carbon-labeled glycine is incorporated int( 
hemm and globin of noimal and phenylhydrazine-treated ammals, an( 
that the hemoglobin of phenylliydrazme-tieated animals contains highe 
concentiations of C'-* activity than that of normal animals 

2 The data presented suggest that the partition of activity betweei 
hemm and globin is essentially the same m noimal animals and in ammal 
recovering from an anemia produced by phenylhydrazine feedmg 

Tlie authors wish to express their thanlcs to Di William F Bale for hi 
continuing interest in this investigation 
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THE EFFECT OF TESTOSTERONE AND METHYLTESTOSTER- 
ONE ON GUANIDOACETIC ACID, CREATINE, AND 
CREATININE IN PLASMA AND URINE* 

By BLAINE H LEVEDAHL ajjd LEO T SAMUELS 

{From the Department of Btochemistry, Umverstty of Utah School of Medicine, 

Salt Lake City) 

(Received for publication, April 28, 19-18) 

Since the major route of creatine formation in the animal body appears 
to involve the intermediate formation of guanidoacetic acid, methylated 
steroids such as methyltestosterone could cause the repeatedly observed 
(1, 2) increase in production of creatine by one of three possible mechanisms 
(o) by transfernng methyl groups to guanidoacetic acid, (b) by increasing 
production of guanidoacetic acid, or (c) by catalyzmg some other system 
of creatine synthesis 

Wilkins and Fleishmann (3) in 1945 uere able to demonstrate that only 
the methylated denvatives of the C 19 steroid nucleus were effective in pro- 
ducing creatinurea Methyltestosterone, methylandrostanediol-3,17, and 
methylandrostene-5-diol-3,17 all caused creatinurea, while ethyltestoster- 
one and a number of other non-methylated steroids were found to be in- 
active As a result of this work the idea was proposed that methylated 
steroids may act as catalysts for the process of methylating guanidoacetic 
acid to creatine 

The work of Borsook and Dubnoff (4, 5), du Vigneaud el al ( 6 ), and 
Block and Schoenheimer (7) has established the probable mechanism of 
creatine formation as follows (o) guanidoacetic acid is formed in the kidney 
from glycine and arginine and ( 6 ) the guanidoacetic acid is methylated by 
methiomne, principally m the liver Borsook el al ( 8 ) demonstrated that 
administration of arginine and glycine to man led to a marked increase m 
guanidoacetic acid in the unne Simmonds and du Vigneaud (9) furnished 
indisputable proof that the methyl group of methionine gives nse to creati- 
nine in man It therefore appears that this proposed mechanism applies 
to man 

If the role of catalyst proposed by Wilkins and Fleishmann nere correct, 
it would follow that the increase in creatine levels should bear certain rela- 
tions to the levels of guanidoacetic acid Tw-o alternatives appear possible 
In the first case methylation of guanidoacetic acid could be accelerated 

• This investigation was supported by a grant from Ciba Pharmaceutical Products, 
Inc , Summit, New Jersej 
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an inciease in its pioduction, if this wei 0 the mechanism, the 
guanidoacetic acid levels of the blood and mine should decrease m diiect 
relation to the increase in the cieatine levels In the second instance, the 
increased removal of guanidoacetic acid fiom the system by methylation 
could lead to inci eased guanidoacetic acid sjmthesis, thus its level would 
remain appiovimately constant while the cieatine levels inci eased 

The present work ivas initiated to deteimine the plausibility of the pio- 
posed catalj’^st mechanism Accoidingly, normal male and female sub- 
jects veic given methyltestosteione oially and the guanidoacetic acid and 
cieatine levels of both the blood and mine weie detei mined over an ex- 
tended time If the pioposed mechanism opeiated, the levels of the pre- 
cursor should lemain constant oi deciease while cieatine inci eased Sim- 
ilaily, the cieatine and guanidoacetic acid levels of the blood and urine 
have been determined for noimal male subjects given testosterone by in- 
jection, by implantation, and by oial administiation This senes has 
senmd to check the possibility that the steroid nucleus as such would in- 
fluence the guanidoacetic acid levels 

Methods 

Dogs, labbits, guinea pigs, rats, pigs, and monkeys have failed to show 
creatinurea following methyltestosterone admimstiation Consequently, 
it was necessary to use humans for tins study The selected subjects were 
placed on low creatine diets 48 houis later the fiist of thiee consecutive 
24 hour unne samples was collected Blood samples were diaivn at the 
end of each 24 hour collection peiiod Following collections of mine and 
blood, patients were permitted to letuin to normal diets These normal 
diets were maintained until 48 hours before the next collections when the 
low creatine diet was again employed 

Administration of methyltestosteione or testosteione was begun on the 
last day of the first collection period In the case of methyltestosterone, one 
10 mg tablet was given bef 01 e each meal and two before letiimg, making 
a total of 50 mg per day In the series utilizing testosterone piopionate 
one subject was given 50 mg of testosteione piopionate in peanut oil orally, 
two subjects weie given intiamusculai injections of 25 mg of the same com- 
pound e\ eiy 2 days, and one subject had four 150 mg pellets of testosterone 
propionate implanted intiamuscularly in the left infrascapular region 

The plasma and mine weie analyzed foi piefoimed and total cieatinine 
(10) The method of Peteis was altered by lengthening the autoclave 
period to 45 minutes to complete the conversion of cieatine to creatinine at 
this altitude, and by diluting the mine specimens to constant volume rather 
than to constant specific gravity This latter change was made only for 
com cnience m the analysis, since vaiiation m specific gravity was not laige 
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Guamdoacetic acid b as estimated by the method of Dubnoff and Borsook 
(11) This method was modified shghtly in that the samples were warmed 
to room temperature by rubbing the sample container between the hands 
for 1 minute before colonmetnc readings were made The creatimne and 
guamdoacetic acid determinations were run in duplicate on each sample 

Table I 


Guamdoacetic Acid Recoveries with Permutit Separation (Average of Duplicate 

Determinations) 


Test No 

Arginine added 

Guamdoacetic acid 
added 

Guamdoacetic acid 
recovered 


100 cc j 

mg per 100 cc 

tng per 100 cc 

1 

0 

0 125 

0 121 

2 

0 

0 250 

0 251 

3 

0 

0 50 

0 50 

4 

0 

1 00 

1 02 

5 

30 

3 0 

2 72 

6 

30 

1 0 

0 98 

7 

20 

1 0 

1 0 

8 

10 

3 0 

2 70 

9 

10 

1 0 

1 04 

10 

0 

0 

0 


Table II 

Creatinine Recoveries after Autoclaving tilth Guamdoacetic Acid (Average of Duplicate 

Determinations) 


Test No 

Creatinine added 

Guamdoacetic acid 

added i 

Creatinine reco\ered 


mg per 100 cc 

Per 100 cc 

mg per 100 cc 

1 

0 83 

0 

0 84 

2 

0 83 

0 25 

0 83 

3 

0 83 

0 50 

0 84 

4 

0 83 

1 00 

0 84 


Results 

Preliminary Measurements — Since some workers (12, 13) ha\e expen- 
enced difficulty with the method for the determination of guamdoacetic 
acid as proposed by Dubnoff and Borsook, recovery measurements were 
made utilizing varying quantities of guamdoacetic acid and arginine The 
results are gixen in Table I These data show that satisfactorj' separation 
of the arginine and guamdoacetic acid was obtained with the permutit 
samples used Further, added guamdoacetic acid could be reco\ered with 
a precision of approximately 5 per cent or better m the range of phj’-siological 
concentrations 
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If present m sufficient quantity, the anhydride of guanidoacetic acid, 
formed during autoclaving, could be an inteifering substance in the cieatine 

Tabt-b III 

Crcaltnc, CrcoHninc and Cuantdoacehc Acid Levels in Plasma and Urine of Male 
and Female Subjects Civen 50 mg of Mcthijllcsloslcrone Daily 


E'vch value represents duplicate sarrples on 3 consecutive days 



Days on 
e).pcti 
ment 

Male 

i 

Fcrnttlcs 

M J B 

L B 

B H L 


M H 

M S 

Plasma creatine, mg 

0 


1 



0 27 

0 52 

per 100 cc 

13 

! 0 45 

j 0 35 

0 37 

Bill 

0 40 

0 61 


22* 



1 

0 69 

0 83 

1 05 


28 

0 50 

0 48 

0 59 





42t 

0 80 

0 61 1 

0 74 1 





i 56 

0 49 

0 51 ' 

0 33 





72 

0 57 

0 42 

0 42 




Urine creatine, gm 

0 

1 

1 

1 

! 

0 046 

0 032 

0 057 

per day 

13 

0 046 

0 053 

0 047 1 

0 036 

0 OSO 

0 005 


22* 




0 255 

0 402 

0 523 


28 I 

0 047 1 

0 048 i 

0 053 1 




1 

42t 

0 183 

0 160 

0 134 




1 

56 1 

0 029 

0 055 

0 038 ! 





72 

0 040 

0 040 

0 033 




Plasma guan doacctic 

0 

0 26 

0 28 

0 24 

0 34 

0 26 

0 25 

acid, iny ] tr ICO cc 

13 

0 24 

0 27 

0 26 

0 46 

0 34 

0 54 


22* 

1 



0 45 

0 43 

0 45 


28 

0 26 

0 22 

0 19 





42t 

0 42 

0 40 

0 38 





56 

0 39 

0 25 

0 27 

1 

1 


Urine guanidoacetic 

0 

1 

0 036 

1 

0 024 

0 016 

0 026 

0 037 

0 028 

acid, gin per day 

13 

0 073 

0 041 

0 046 

0 051 

0 105 

0 067 


22* 

1 

1 


0 118 

0 272 

0 175 


28 

0 065 

0 051 

0 070 





42t 

0 114 

0 085 

0 114 

1 




56 

0 059 

0 051 ! 

0 039 


i 



72 

0 061 

0 040 

0 034 

1 



Plasma creatinine, mg 

0 




0 88 

0 92 

0 84 

per WO cc 

13 

1 37 

1 34 

1 36 

1 02 

1 03 

1 05 


22* 




1 00 

1 04 

1 05 


28 

1 17 

1 31 

1 21 





42t ! 

1 19 

1 41 

1 40 





56 1 

1 26 

1 42 

1 47 





72 1 

1 41 

1 50 

1 1 50 
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Tabi:.e in — Concluded 



Bays on 
expen 
ment 

Males 

Females 

M J B i 

I. B 

B H L 

L A 

1 M H 

M S 

Urine creatinine, gm 

0 




0 907 


1 143 

per day j 

13 

1 776 

1 873 

1 812 

1 150 

1 368 

1 273 


22» 




0 955 

1 307 



28 

1 763 

1 934 

1 967 





42t 

1 767 

2 094 

2 112 





56 

2 037 

2 067 

2 147 





72 

1 927 1 

2 167 

1 2 240 

1 





* Methyltestosterone withdrawB from female subjects 
t Methyltestosterone withdrawn from male subjects 


3 MALE SUBJECTS 

eA.JL = GaaDidoacetic 
acid 
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urine for three male subjects given 50 mg per day of methyltestosterone orallj 


determination To check this possibility creatinine determinations were 
made after 45 minutes autoclaving on samples contaimng t arying amounts 
of guamdoacetic acid and creatinine The results of these experiments are 
given m Table II These data show that guamdoacetic acid in the quanti- 
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ties encountered in tins woik does not represent an interfeiing substance in 
the creatine determination The N-methyl group of creatinine is known 
to prevent the inteiference of this compound in the determination of guan- 
idoacetic acid (14) 

Slitdzes Involving Mdhyltestoslei one — ^The plasma and urine levels of 
creatine and guanidoacetic acid were detei mined in three normal men and 
three normal women leceiving methyltestostei one The lesults are given 
in Table III, and the average lesults aie shown in Figs 1 and 2 In the 
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Fig 2 Average guanidoacetic acid, creatine, and creatinine levels of plasma and 
urine for three female subjects given 50 mg per day of methyltestosterone orally 


cases involving the men 50 mg of methyltestostei one were administered 
dnlj foi 43 days Significant increases in mine levels of creatine and 
guanidoacetic acid occuned after an initial delay of approximately 20 days 
The plasma levels were significantly highei at 20 days than at 10 days 
Original plasma levels were not deteimined in this senes 10 days follow- 
ing cessation of methyltestosterone admimstiation, all levels had returned 
to normal 

The female subjects leceived 50 mg of methyltestosterone a day for 
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20 days There was no significant delay before the elevation of the creatine 
and guanidoacetic acid levels of plasma The unne guanidoacetic acid 
level also rose significantly, imtil the plasma level passed the renal threshold 
of 0 6 to 0 7 mg per 100 cc The values of all constituents except plasma 

Table IV 

Creatine, Creatinine, and Guanidoacetic Acid Levels in Male Subjects Given 
Testosterone Propionate 


Each value represents duplicate samples on 3 consecutive days 



Days on 
expenmeut 

J W 

I K. 

B H L 

M J B 

Plasma creatine, mg per 100 

0 

0 37 

0 34 

0 29 

0 37 

CC 

13 

0 34 

0 32 

0 30 

0 42 


22 

0 28 

0 26 

0 28 

0 34 


41 

0 31 

0 33 

0 26 

0 38 

Unne creatine, gm per day 

0 

0 033 

0 025 

0 027 

0 030 


13 

0 040 

0 026 

0 030 

0 023 


22 

i 0 035 

0 015 

0 005 

0 010 


41 

1 

1 0 

0 

0 

0 

Plasma guanidoacetic acid, 

0 

0 44 

0 34 

0 30 

0 27 

mg per 100 cc 

13 

0 45 

0 34 

0 27 

0 27 


22 

0 55 

0 32 

0 30 

0 31 

1 

41 

0 55 

0 36 

0 35 

0 34 

Urine guanidoacetic acid, 

0 

0 048 

0 052 

0 036 

0 057 

gm per day 

13 

0 045 

0 047 

0 028 

0 058 


22 

0 051 

0 042 

0 033 

0 058 


41 

0 050 

0 057 

0 031 

0 062 


ff 



1 


Plasma creatinine, mg per 

0 

1 49 

1 21 

1 33 

1 26 

100 cc 

13 

1 52 

1 33 

1 62 

1 57 


22 

1 46 

1 23 

1 28 

1 26 


41 

1 50 

i 

1 27 

1 27 

1 35 

Unne creatinine, gm per day 

0 

1 470 

1 ISO 

1 847 

1 350 


13 

1 470 1 

1 512 

1 845 

1 895 


22 

1 567 

1 678 

1 2 030 

[ 1 981 


41 

1 690 

1 600 

1 710 

1 800 


guanidoacetic acid rose throughout the 20 day period of treatment The 
levehng off of the plasma guanidoacetic acid at approximately 0 45 mg 
per 100 cc is thought to represent the maximal renal reabsorption let el 
of this compound 

Studies Involving Testosterone Propionate — IVlule the action of testoster- 
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one propionate on the cieatme levels of normal subjects is well laio\vn, no 
information has been available on the guamdoacetic acid levels Conse- 
quently, the plasma and urine levels of cieatme and guamdoacetic acid 
were determined foi four normal male patients receiving testosterone pro- 
pionate as described By using intramusculai injection, implantation, and 
oral admimstiation of testosterone propionate, it was possible to eliminate 
the variable of route of admimstration from the measurements The 
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Fig 3 Average guamdoacetic acid, creatine, and creatinine levels of plasma and 
urine for four male subjects giaen testosterone propionate by various routes of 
administration The route of administration did not affect results 


results of these expeiiments are given in Table IV and the aveiage results 
shoun in Fig 3 

These data show that there was no significant change in the plasma crea- 
tine and guamdoacetic acid levels and the urine guamdoacetic acid level 
dining the course of the evpeiiment After an initial 10 day delay the 
unne creatine level decreased in all subjects regardless of the route of ad- 
ministration of the testosterone propionate All other levels remained con- 
stant throughout the admimstration penod 
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DISCUSSION 

The results of this study lead to the ehmination of the previously pro- 
posed role of methyltestosterone m creatine metabolism Since the guan- 
idoacetic acid levels as ■well as the creatme levels are elevated foUo'wmg 
methyltestosterone admmistration, the role of a methyl-transfemng agent 
previ ously suggested for methyltestosterone is no longer tenable The eleva- 
tion of the guamdoacetic acid levels of plasma and urme indicate that the 
methyltestosterone must act primarily at some stage pnor to guamdoacetic 
acid methylation The steroid nucleus as such was ob-viously not involved 
m the process of increased formation of guamdoacetic acid, since testoster- 
one was meffective 

The evidence of Samuels, Sellers, and McCaulay (15) that acute renal 
damage decreases or prevents the effect of methyltestosterone mdicates 
that the kidney is the site of the mcreased formation of the guamdoacetic 
acid, apparently the primary effect of methyltestosterone in creatme metab- 
ohsm This is additional evidence that the order of synthesis demon- 
strated m rats is also that followed m the human Additional statements 
of the action of methyltestosterone must await the elucidation of the par- 
ticular system catalyzed by the methylated steroids 

SUMMARY 

1 Guamdoacetic acid and creatine levels have been determined m nor- 
mal male and female subjects vho had received methyltestosterone The 
guamdoacetic acid and creatme levels ■nere found to increase m the same 
general fashion m both plasma and unne 

2 The possibility of the steroid nucleus per se brmging about mcreased 
guamdoacetic acid production has been eliminated 

3 Methyltestosterone affects some process associated mth the synthesis 
of guamdoacetic acid, rather than its methylation alone 
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CHROMATOGRAPHY OF AMINO ACIDS ON STARCH COLITIHNS 
SEPARATION OF PHEN^LALANHIE, LEUCINE, 
ISOLEUCINE, METHIONINE, TYROSINE, 

AND VALINE 

WrLLIA2vI H STEIN and STANFORD MOORE 
{From the Laboratories oj The Rod efeller Instituie /or Medical Research, \eu 1 or/) 

(Received for publication, June S, 1948) 

In the past few years, several methods for the chromatographic fraction- 
ation of mixtures of ammo acids have been introduced by Martin and 
Sjmge and their cow orkers Chromatography of the N-acetyl amino acids 
on sihca gel columns has been employed by Martin and Sjmge (1, 2), and 
has been further studied bj' Tnstram (3) The separation of the free 
aimno acids by chromatography on paper, following its introduction bj’’ 
Consden, Gordon, and Martin (4), has found wade use A third method, 
chromatography on starch columns, has been the subject of a note bj”- 
Elsden and Synge (5), and ivas used bj’^ Sjmge (6) in qualitative expenments 
wath partial hydrolysates of gramicidin 

It appeared that the starch column should possess charactenstics render- 
mg it the techmque of choice for some types of problems As Sjmge (6) 
pointed out, free ammo acids and peptides may be chromatographed on 
starch, blockmg of the ammo group by acetylation being unnecessary In 
addition, it was to be anticipated that mixtures should be fractionable m 
sufficient quantity with starch columns to permit subsequent examination 
of the components by conventional microchemical techmques The pro- 
cedure also appeared to be one which could be developed mto a quantitatn e 
method for ammo acid analysis 

The investigations descnbed m this commumcation deal with deielop- 
mental w ork on the chromatography of ammo acids on starch columns and 
with specific methods for the separation and quantitative determmation of 
phenylalamne, leucine, isoleucine, methionine, valine, and tjTosine in 
protein hydrolysates Studies on the remammg common ammo acids form 
the subject of a paper now m preparation 

In the fractionation of partial hj^drolj'’sates of graimcidm on starch 
columns, Synge (6) collected the effluent from the column m relatix elj^ large 
fractions and spot-tested each qualitatively wath nmhydnn-impregnated 
paper The volume of a fraction w as adjusted to mclude substances wathm 
a given range of zone rates Each fraction was worked up mdiiaduallj and 
its contents exarmned 

In the present mvestigations, the effluent has been collected in a regular 
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Iffluent cc 




.nm n MW n , ^ Synthetic mixture containing eighteen 

B kcLToh.V"'^ m composition to an acid hydrolysate of 

A sohmd ri 0 e^ven m leucine equivalents (11) 

fa'nlndrn uA ^->^utano -benzyl alcohol-water Column, 52 gm of starch 

frnni e ; 0 I T nf o^o'" Column, 55 gm of starch (anhydrous), 

cm , lieight, 28 cm Sample, 5 mg of synthetic mixture 
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senes of small fractions of knoivn volume, and the fractions have been 
analyzed quantitatively rather than qualitatively The data thus obtained 
permit the construction of effluent concentration curves which reveal the 
detailed behavior and the full resolving power of the column The effluent 
fractions have been collected mth the aid of a specially constructed, fully 
automatic fraction-collecting machine, and the fractions have been analyzed 
quantitatively for ammo acids by means of a photometnc ninhydnn method 
developed for this purpose 

Effluent concentration curves showmg the behavior of six ammo acids 
m three solvents are given in Fig 1 These anuno acids are the first to 
emerge from a starch column when the sample fractionated consists of a 
knoivn mixture of eighteen ammo acids and ammomum chlonde made up 
to simulate the composition of an acid hydrolysate of jS-lactoglobulm (cf 
data of Brand et al (7)) The procedure employed to obtain curves of the 
type shoivn m Fig 1 is given in the experimental section, followed by a 
discussion of the influence of vanables on the process and by a summary of 
the results obtamed ivith protein hydrolysates 

Procedure 

Preparation of Starch Column — The chromatograph tubes used in these 
experiments were of the Zechmeister-Cholnoky type ^vlth ground joints 
and smtered glass plates ^ The followmg directions are for the prepara- 
tion of a 30 cm starch column in a tube of 0 9 cm inner diameter and 40 
cm m length Direct proportionahty factors can be used for columns of 
other dimensions The columns were prepared and run in an air-con- 
ditioned room at 25° ±0 5° There have been no indications that a 
constant temperature room is essential Recent expenments haie indi- 
cated that satisfactory results can be obtained at room temperatures of 
25° ± 5° 

The starch employed in this investigation was potato starch powder man- 
ufactured by Mommgstar Nicol, Inc* Different batches procured from 
the same manufacturer have given fully reproducible results In order to 
obtain the correct tightness of column packing, the vater content of the 
starch at the time the column is prepared must be carefully controlled 
The moisture content of the air-dned product is determined by drymg a 
sample to constant v eight at 110° at atmospheric pressure The moisture 
content of starch may vary vith the atmospheric humidit 5 ', and should be 
checked penodicallj'' An air-dned sample corresponding to 13 4 gm of 

'Purchased from the Scientific Glass Apparatus Companj , Bloomfield, New 
Jersey, catalogue No J-16G4 A length of 40 cm above the sintered plate must be 
’ specified for use with starch columns 30 cm in height 

* Manufactured from white potatoes by Mormngstar Nicol, Inc , New York, and 
purchased from Amend Drug and Chemical Companj , Inc , New York 
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anhydrous staicli is weighed' out Foi the staich used in these e\pen- 
ments, the sample was suspended in 25 cc of dry butanol in which enough 
^\ate^ had been dissolved to bung the total watei piesent to 30 per cent of 
the diy weight of the staich Foi staich containing 20 per cent moisture, 
16 8 gm weie weighed out and suspended in butanol containing 0 7 cc of 
vatei The staich is stiried thoioughly with a glass rod until a uniform 
suspension fiee fiom lumps is obtained Duimg this time the staich 
adsoibs most of the watei piesent m the butanol The suspension is 
poured into the upright chiomatogiaph tube through a funnel possessing a 
tip bent to touch the side of the tube In this manner, the suspension flows 
down the side of the tube without incorpoiation of an bubbles For 
chromatogiaph tubes up to 2 cm m diametei, a 20 cm extension of glass 
tubing of the same diametei is attached to the top of the tube during the 
pouiing piocess This extension is necessaiy to accommodate the full 
volume of the sluiiy The connection is secured glass to glass with rubber 
tubing Foi tubes possessing a diametei laigei than 2 cm , the columns can 
be packed in poitions mthout an extension by first pouring two-thuds of 
the sluiiy and adding the remamdei aftei the fiist poition has settled to 
constant height 

/Vfter the suspension has been pouied into the tube, the column is placed 
undei an aii piessuie of 5 to 7 cm of meicur}’’® The staich settles slovly 
o^el a peiiod of 1 to 3 houis If the moistuie content of the staich has 
been coiiectly adjusted, a sharp settling line can be seen to move steadily 
up the tube when the column is illuminated fiom behind with a strong light 
Itfiien the staich has packed to a constant height, the extension tube, if one 
was used, isiemoved and the butanol remaining on the surface of the column 
is withdiawn until a pipette attached to a rubber bulb The solvent with 
which the chiomatogiam is to be lun is added carefully to the top of the 
column without distuibmg the suiface of the staich The tube is filled to 
within 5 cm of the top A 125 cc sepaiatory funnel filled with solvent is 
attached to the column by a micro rubber stopper (Aithui H Thomas 
Company, catalogue No 8823-A) thiough which the constiicted tip extends 
about 2 cm An an lock is thus foiraed between the solvent and the stoppei 
in oulei to avoid contact of the liquid unth the lubbei A piessure of J 
cm of meicury is applied to the top of the sepaiatoiy funnel and mam- 

’ For routine use, reducing valves are installed on the compressed air lines Air 
filtered through a i inch Logan aridifier (Crane and Company, 47-30 29th Street 
Long Island Citj , New York) is drawn at 70 pounds pressure through a reducinf 
\ahc t\po R-79 (Linde Air Products Company, 205 East 42nd Street, New York) 
The outlet gage on the valve is replaced bj a test gage reading from 0 to 25 cm o 
mcrcurj , 2J inches in diameter, procured from the Factory Products Company, 16’ 
hleserole Vvenuc, Brooklyn 22 A T-tube with a rubbei tube and screw clamp is 
placed in the line to the chromatograph tube to provide a constant “bleeder ” 



■W H STEIN AND S MOORE 


341 


tamed until about 50 cc of solvent have passed through the column This 
procedure, uhich usually requires about 36 hours, peixoits the starch to 
j adsorb enough water to become equilibrated mth the wet orgamc solvent 
The resulting swelhng of the starch may cause the surface of the column to 
nse 1 to 2 cm If butanol-benzyl alcohol solvent mixtures have been 
employed, the column \vill gradually become translucent during the 
equilibration process 

After the starch columns have become fully eqmhbrated, they are 
operated under a pressure of 15 cm of mercury Pressure m excess of 8 cm 
dunng the equilibration penod, or of 15 cm dunng operation, may cause 
the generation of air bubbles in the lower half of the column, and, therefore, 
should not be used The presence of a small number of air bubbles withm 
a few cm of the sintered plate is frequently noted, and does not mterfere 
with the results 

The degree of tightness of the column packmg must be checked by 
measuiement of the flow rate after equihbration mth butanol-water or 
butanol-benzyl alcohol-water A satisfactory column, 0 9 cm in diameter 
and 30 cm in height, should possess a flow rate of 1 25 to 1 50 cc per hour 
at 15 cm of mercury pressure (2 0 to 2 4 cc per hour per sq cm of cross- 
sectional area on a column 30 cm in height) Preparations of potato 
starch from different sources may vary in average particle size, which can 
affect the amount of water which should be present when the column is 
poured In general, it can be suggested that if too fast or too slow' a flow' is 
obtained, the w'ater content at the time of pounng should be dimimshed or 
increased to establish the optimum conditions for the preparation bemg 
used 

The surface of the column must be firmly packed before the sample is 
added The solvent is removed to within 1 to 2 min of the starch The 
remaimng liquid is dnven down at 7 cm pressure until it clears the surface 
The pressure is maintained for several minutes until the starch has fallen 
1 to 2 mm If any scum from the solvents has collected on the surface of 
the column, the top 1 mm of starch should be removed with a sih er spatula 
Tlie surface is tamped and leveled wth a flat tipped 6 mm glass rod Air 
pressure is reapplied until the surface is fairly dry as endenced bj' a frosty 
appearance The surface is tamped again with the glass rod, and the 
process repeated until a firm, smooth surface which does not clmg to the 
rod is obtained For columns larger than 0 9 cm in diameter, the pre- 
liminary packing of the surface can be performed with a spatula and the 
final smoothing of the surface with a glass or stainless steel plunger possess- 
ing a diameter a few' mm less than that of the chromatograph tube Care 
must be taken while prepanng the surface not to continue the air pressure 
for too long a penod If this is done, the starch will pull awaj from the 
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walls of the tube and air bubbles wull be seen below the surface If the 
bubbles extend only a few nun , the column still gives satisfactoiy results 
If the bubbles extend dowm several cm , the column should be discarded 

Except w'hen strongly acidic solvents aie being used, starch columns 
require treatment wuth S-ly'^dioxj'^qumoIme to lemove tiaces of interfering 
metal ions For columns 0 9 cm m diameter, a solution of 25 mg of 8 - 113 ^- 
droxyquinolme (hlerck) m 2 5 cc of the solvent used on the column is added 
to the tube and diiven into the staich at 15 cm pressuie ^^^len this solu- 
tion has just cleared the surface, fiesh solvent is added and lun in until the 
yellownsh gieen band of h 3 '’droxyqumohne is at least 5 cm below' the suiface 

The column is then leady foi the addition of the sample If not used 
immediately, the columns can be allow'ed to drip undei giavit}' or can be 
kept for at least seveial w'eeks wuth the solvent and sepal atorj' funnel 
(stop-cock closed) on the top and wuth the tip immersed m a test-tube filled 
with solvent At the end of the expeiiment, the starch is conveniently 
removed fiom the narrow chromatograph tubes by a jet of water from stiff 
tubing (T 3 '’gon) Columns run with the solvents desciibed in this com- 
munication should not be used more than once The exception to this 
statement is the case in wdiich the mixture applied to the column contains 
only the amino acids shown in Fig 1 (or ti^^ptophan) and is free of acids or 
neutral salts 

Addition of Ammo Acid Sample to Column — Foi the curves shown m Fig 
1, an ammo acid mixture^ simulating the composition of an acid hydrolysate 
of |8-lactoglobulin (7) wns emplo 3 ''ed A total of about 1 gm of amino acids 
w as dissolved in 1 5 cc of approximately 6 n HCI and made up to a volume 
of 10 cc w'lth water Methionine and C 3 ’’steme were not included m this 
stock mixture, although subsequent expenments have shown that methi- 
onine may be incorporated vvithout risk of detenoration on storage of the 
solution at 3° Immediately before an expeiiment, the appropiiate quan- 
tities of methionine and C3'steine hj^drochloride wnre made to a volume of 10 
cc wnth 0 1 N HCI To a 10 cc volumetric flask, 0 5 cc samples of each of 
the aqueous solutions referred to above wnre added and the mnxture was 

^ All the ammo acids employed were checked for correct elementary analjsis 
(carbon, hydrogen, and nitrogen) Specific rotations were measured on the L-amino 
acids The following preparations were used DL-leucine, DL-isoleucine, Du-methio- 
nine, nL-valine, dl aspartic acid, OL-threomne, gljmine, L-arginine hydrochloride, 
L^istoinc hydrochloride, and L-cystine (all Merck), L-tyrosine and L-glutamic acid 
(Corn Products, rccrystallized) , L-proline from gelatin (S), L-alanine, L-scrine, 
L-leu(inc, L-phenjlalanine, L-histidiiie HCI HjO, and l Ivsine dihydrochloride pre- 
repared from protein hjdrolysates (9) We me indebted to Dr Erwin Brand for 
samples of L-tryptophan and L-valine, to Dr Karl Folkers of Merck and Company, 
nc , or a samp e of L-methionine, and to Dr E E Howe of the same company 
for the DL-lcucine and DL-isoleucine 
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made to volume -with dry butanol or 1 1 butanol-benzyl alcohol If diffi- 
culty IS encountered m dissolving the ammo acid mixture upon shalong, it 
maybe necessary to add 0 2 to 0 4 cc of ethanol and 1 or 2 drops of 6 N HCl 
before the solution is diluted to volume For a column 0 9 cm in diameter 
0 5 cc ® of the resulting solution, corresponding to about 2 5 mg of total 
ammo acids, is added to the top of the column, care being taken not to 
disturb the surface of the starch The experiments illustrated in Fig 1 
were run on a column 1 9 cm m diameter with a 2 cc sample of the ammo 
acid solution 

Air pressure (15 cm ) is applied and the sample dnven into the column 
After the liquid has reached the level of the starch, 0 2 cc of solvent is added 
to rmse down the walls of the tube The wash solution is forced into the 
column under pressure The washing operation is earned out three times 
Solvent is added over the column, the reservoir connected, and air pressure 
of 15 cm IS apphed Measurement of the effluent volumes recorded m 
Figs 1, 3, and 4 was started at this time A graduate is placed under the 
column and an appropnate fore fraction is usually taken before the column 
IS placed on the fraction-collecting machine For the first run on an un- 
known sample, a fore fraction is not taken and the curve is checked from the 
beginning for possible peaks ahead of phenylalamne and leucine 

The developmental work to establish the positions of the peaks vnth dif- 
ferent solvents was done ivith synthetic mixtures contaimng one to six com- 
' ponents A mixture contaimng 50 to 150 mg of each component v as made 
to a volume of 25 cc in 0 5 N HCl and 1 cc diluted to 10 cc vnth the dry 
organic solvent Addition of the amino acids m different milhmolar con- 
centrations permits identification of the peaks by height and mtegration 

It will be noted that stock ammo acid mixtures are stored m aqueous 
HCl solution and made to volume with the desired organic solvent immedi- 
ately before use The excess alcoholic solution is discarded No alteration 
in the composition of the aqueous mixtures has been noted vhen they are 
stored at 3° for penods up to several months A progressive decrease m 
the ammo acid content of mixtures of ammo acids stored m the acidic alco- 
holic solutions has been observed Conconutantlj mth the decrease m 
free ammo acid content of such solutions, the appearance has been noted 
of matenal which yields a fast moving zone on the column and gi\ es a posi- 
tive color reaction with nmhydnn The behavior on the column of such 
altered ammo acid solutions has been simulated by the addition, to fresh 
ammo acid solutions, of an ammo acid ester, such as phenjdalanine ethyl 
ester hydrochloride Some of the ammo acids are cstenfied, therefore, 
upon prolonged standmg m the acidic alcohol-water solvent mixtures The 

‘ For quantitative work each pipette used was calibrated for deli\ cr^ with the 
given organic solvent mixture 
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brief peuod of contact while the solution is being added to the column is 
insufficient to cause losses Neaily quantitative lecovcries are obtained 
CR en vhen an acidic solvent is employed in the development of the chroma- 
togram (butanol-17 per cent 0 57 N HCl, Fig 1) 

In geneial, the ammo acids aie added to a column as their hydiochlondes 
in oidei to lendei the ammo acids moie leadily soluble in the organic sol- 
\ents Of the si\ ammo acids included in Fig 1, all but tyiosme can be 
bi ought into solution m neutial butanol-watei oi butanol-benzyl alcohol- 
uatei Chiomatogiaphy of the neutial amino acid samples yields effluent 
ruives indistinguishable fiom those obtained when the hydiochlondes of 
the ammo acids aie added to the column The HCl, when included m the 
sample, is stiipped away by the fiist few cm of the staich The fate of 
IICl can be visualized b}'’ mcoipoiatmg a tiace of methyl oiange m the Sol- 
\ent The HCl gives a zone wdiich moves at about half the late of valine 
and which fades out aftei tiavehng about 3 cm as a lesult of giadual neu- 
tiahzation b}'- the tiaces of basic gioups piesent m the potato staich 

Foi the majoiitj'- of the piesent expeiiments with piotem hydiolysates, 
the piotems were h 3 ffiiol 3 ^zed foi 16 houis with 10 times then weight of 
boiling 6 N HCl The most i ecent anal 3 ’-ses have been cai i led out on hydi ol- 
3 'sates piepaied by dissolving the piotem m a minimum volume of watei 
01 dilute HCl and adding 200 times the sample w'eight of 6 n HCF twice 
distilled m glass The mixtuie was lefluxed foi 16 houis on an oil bath, the 
oil level being kept below^ that of the contents of tlie flask In both in- 
stances, the excess HCl was lemoved by lepeated concentiations undei 
icduced piessuie The hydiolysate was not filteied but was washed into 
a Rolumetiic flask with small poitions of w'atei and made up to a lolume 
coiiesponding to about 50 mg of the original piotem pei cc Foi chioma- 
togiaphic anabasis, aliquots of this solution weie diluted (0 5 cc to 5 cc) 
w ith the organic solvent and applied to the column m the mannei outlined 
for the S 3 mthetic mixtuies The quantit 3 '’ of piotem to wffiich a given 
amount of 113^1 ob'^sate coiiesponded was deteiimned b 3 ’' micio-Kjeldahl 
nitrogen anabases on the piotem and on the h 3 '’diob'’sate The anab'’ses 
indicated on the average about 2 pei cent manipulative loss duimg the 
concentiation procedure A nitrogen nnalysis w^as also peifoimed upon 
a solution obtained after 50 cc of 6 n HCl, containing no piotem, had been 
icfluxcd foi 16 houis and concentrated to a volume of 5 cc The nitrogen 
contributed by NH 3 m the HCl w^as negligible 

Collcclwn of Effluent Fiachons — In the eaily stages of this wmik, the 

‘Dr C F Jacobson Ins discussed with us his unpublished experiments which have 
domonstrated tlic advantages of eanying out the hydrolysis m relatively dilute 
solution w ith HCl w Inch is as free as possible from heavy metal impurities Humm 
formation is reduced under these conditions. 
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effluent fractions were collected manually The performance of a large 
number of experiments of the kmd illustrated m Fig 1 became a piacticable 
laboratory procedure only after the construction of a fully automatic frac- 
tion-collecting machine, draivings of which are given in Fig 2 " ® 

The machine is designed to collect the effluent from the chromatogram 
in successive fractions of knoum volume The fractions are accumulated 
in tubes held m the large circular test-tube rack which accommodates 80 
test-tubes in each of four concentnc circles The dehvery tip of the chro- 
matograph tube makes contact with the bottom of the enlarged part of the 
funnel (A) which is mounted m the phototube housing (B) The funnel 
is a Pyrex Gooch crucible holder 32 X 160 mm (Coming Glass Works, cat- 
alogue No 9480), the tip of which has been constncted Each drop falhng 
from the tip of the funnel mterceptsa hght beam which is focused through 
a circular aperture | mch in diameter upon aphototube (RCA No 921) The 
tip of the funnel must be mounted above the aperture at such a height that 
the emerging drops mtercept the hght beam ]ust as they leave the tip E 
the tip IS too low, hanging drops will register, if too high, the resulting free 
falling drop will pass through the hght beam too rapidly to cause an inter- 
ruption of the beam of sufficient duration to register the drop The height 
of the funnel can be adjusted by shdmg it in the clamp (C) The glass 
shield (D) mimmizes evaporation from the drop 

The change m current of the phototube circmt occasioned by the falhng 
drop IS amplified through the relay (JB) and fed mto the automatic reset 
impulse counter (F) The phototube, lens, light source and relay system are 
available from the Langeinn Corporation, 37 West 65th Street, Nei\ York 
(model PR-41 1-A), or from the Ripley Company, Inc , Deep River, Con- 
necticut (modified 70 senes, model No 8382) The housmg and mountings 
were constmcted of bakehte The impulse counter was purchased from the 
Eagle Signal Corporation, Mohne, Illmois (tj^ie HZ-50A6 , housing HN-84 , 
winng arrangment No 1) The impulse counter can be set to record any 
number from 1 to 400 drops After the preset number of drops has been 
registered, the counter resets itself to zero and turns on the motor (G) (110 
volt, 60 cycle ac, 1/20 horsepower, 1725 rpm, 10 1 gear reduction, 
Boston Gear Works, North Qumcy, Massachusetts, catalogue No MB- 
5810-S) By means of a belt dnve to the wheel (H), the motor turns the 

’ This machine was constructed ith the aid of Mr Joseph Blum of the Instrument 
Shop of the Institute 4 photograph of the fraction collector is included in another 
report (10) 

• A fraction collector based on this design is available commcrcialh from the 
Tcchnicon Companj , 215 East 149th Street, Nevi Aork 51 Conienient 50 tube 
, aluminum racks with cellophane covers for handling the 18 X 150 mm test tubes are 
also available from this source 
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s.des 3/16 .li top 3^32 Z ends } ,nch bakehte, 

cHmp for funnel % x / ^akehte 

glass sluoldTl sir tl’ ^2 i jn i"’ ^ adjustment). D, 

Cts, r, impulse counter, G^’motor' F^G^nldm ^ machine by brack- 

in diameter, 3/lG inch thick J hmU ’ diameter pulley, I, brass wheel, 2 inches 
i inch high, { inch in diameter witl | inch from center of shaft, 

A', slots to accommodate engagin- pinSm diameter) , 

micro switch, M, micro switch (type 132-R bml t to actuate 

concentric circles each DossGssino- oi it s’ ^°P^' ■^> ^^^t-tube rack with four 

.™10, 0, sensa,v,tXrir' Z * ‘“J" ““ -'“I' 3/32 

MtJ torrdav crcurt, BradpaM 0 to 100 over 270", under epnng 
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Wiring aprangemeni 



Fig 2, B Automatic fraction collector for chromatographic analysis, side view 

tension to hold the knob in a set position, F, brass spring arm over micro suntch, Q, 
aluminum plate to which micro switch is attached, held on leg of base bj set screw, R, 
rollers (f inch high, wheels finch diameter, f inch wide) ,5, legs, f inch aluminum rod 
turned dow n to 5/16 inch at the top, threaded for bolting through base, F, base plate, 
bakelite,32 X 32 X i inches, C/,sidepanels,3/32inchbakelite (section cut out for Cinch 
pulley on right side) , V, ^ inch FIe\aframc rods, uprights turned dow n at the bottom 
to 5/16 inch, threaded for bolting through the base, with cross braces at the top, IF, 
clamp, castaloy, Fisher catalogue No 5 764, X, on-off toggle switch, I , toggle switch 
for automatic cut off, Z, beveled arm to throw automatic cut off switch, arm screwed 
to base of rack between slots, AA, one of eight spacers for rack, f inch center rod, 
5/16 inch spacing sleeves, BB, slotted brass supports for side panels of the coier, CC, 
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^^heel (7) ^^lDch is adjacent to the lack The upnght pm {J) on this wheel 
engages one of the slots (K) m the base of the circiilai test-tube lack and 
moves the rack one-eightieth of a tuni A new tube is thus brought undci 
the column The aim (7^) on the shaft makes contact ivith the micio 
switch (ill) and turns off themotoi aftei the wheels (77 and 7) have made one 
1 evolution Smce the countei mechanism lequnes that the load circuit 
be closed foi neaily 1 second to allow time foi complete resetting, it is 
necessaiy foi the geai ratio to give not moie than one levolution of 77 per 
second The moving paits of the lack aie machined from brass The 
lack 1 evolves on a sleeve bearing at the center and is supported by tliiee 
symmetrically placed i oilers (77) mounted on the base 
The fiaction collectoi is designed foi continuous duty The countei and 
the iela 5 '' can be leplaced readily m case of failure An e\tia one of each 
of these items should be kept on hand as replacement paits The relay is 
mounted open to the an (not in a closed housmg) undei the base of the 
machine to avoid overheating The hght bulb is changed loutinelj'’ after 
each month of continuous duty In the installation of the photoelectric 
countei, it is necessaiy to keep the low lesistance leads to the phototube 
shoit enough to bung the circuit into counting balance wlien most of the 
vaiiable resistance (0) is in the cncuit The lelay should close nhen the 
sensitivity dial (0) is turned to about 70 Accurate focusing of the hght 
beam on the apeituie is essential foi this lesult and the aperture m the 
diaphiagm may have to be enlarged if the light intensity stiilong the photo- 
tube IS too low The adjustment of the tip should be such that drops still 
legistei when the sensitivity dial is near zeio Foi ma\imum stability 
during opeiation, the dial is set about midway between the point at which 
the countei almost fails to legistei diops and the dial setting at ivhich the 
countei ciicuit is peimanently closed The lelay is designed to give an 
impulse of about 0 5 second duiation to the countei upon inteiiuption of 
the light beam foi 0 01 second The maximum counting rate with this 
machine is, theiefoie, about 2 diops pei second 

J inch Lucite cover, split in centei , cut out around phototube housing, DD, 1/16 inch 
Lucilc side panels, / 1 inches high, EE, IJ inch hole in cover, centered over third roi\ 
of rack, FF , center supports for cover, attached to base of counter, GO, 1 inch diam- 
eter pu\\e^ , Hff, 3/16 inch leather belt, II, split bakelite clamp foi lamp socket, JJ , 
lamp. General Elcctnc S7, 6 to S volts, 15 candle power, mounted uitli the filament 
vortical , KK, lens, 1^ inches in diameter, 2 inch focal length, LL, gioovcd lens holder 
of bakchtc, providing a firm grip on the lens, MM, removable diaphragm of 3/32 inch 
bakelite, supporting clamp C, sliding into grooves in side u alls of housing, with i inch 
diameter aperture for light beam, VAT, phototube, RCA 921, 00, ^ X 5 inch support- 
ing rod for housmg, PP, ventilating holes in housing, QQ, six wire electric cable to 
counter, RE, base plate for counter, with hollow central shaft fitting tightlj into 
stationarj bearing, SS, clamp, castaloy, Fisher catalogue No 5-743, TT, cotton pack- 
ing around stem of chromatograph tube 
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In the design of the fraction collector, opeiation on the drop-counting 
pnnciple was chosen to provide ngorous control of the sample size E\pen- 
ence vuth the machine has demonstrated that, with a dependable drop 
countei of the type recommended, considerable convemence and accuracy 
are afforded by this method of operation For chromatographic nork m 
general, fraction collectors operated on a time basis vould probably not 
give as uniform fraction size, since flow rates through a column are seldom 
stnctly constant, even when constant pressuie devices are emplo3^ed 
The base of the machine and the circular rack should be made of matenals 
nhich do not warp and are not damaged by orgamc solvents or dilute acids 
The rack should be of material which will not scratch photometer tubes 
Bakehte has been used in the present instrument, although investigations 
performed recently and to be descnbed m a forthcommg paper have re- 
vealed that this matenal suffers from the disadvantage that it contains 
ammonia or other volatile mtrogenous compounds In chromatrographic 
expenments with the amino acids not included in the present work, acidic 
solvents, such as 2 1 n-propanol-O 5 N HCl, have proved extremely useful 
Such solvents absorb ammoma very readily Since as little as 0 1 7 of 
NHj per cc is detected by the mnhydnn method, the NH3 content of 
the bakehte has been troublesome It has been possible to obtam satis- 
factory operation by painting the bakehte surfaces of the machine and of 
the phototube housmg with a 2 per cent alcoholic solution of citnc acid 
Sheets with a dull fimsh take this treatment better than polished bakehte 
Nevertheless, m building the fraction collector, it would be preferable to 
use materials which do not liberate ammoma Provided the manufacturers 
cannot furnish bakehte meetmg these specifications, a possibility currently 
being mvestigated, other matenals might be substituted Any material 
employed should first be tested by suspending a sample of it over a few cc 
of 2 1 propanol-0 5 N HCl in a closed vessel for 24 hours Analysis of 
neutrahzed 0 5 cc aliquots of the solvent by the mnhj'dnn method should 
reveal the presence in the matenal of any volatile nitrogenous compounds 
which might be a source of interference The Lucite cover is not resistant to 
butanol or benzyl alcohol and it may proie preferable to make coiers from 
other matenals A sliding addition to the cover can also be made to fill 
in the space beneath the phototube housing 

In a chromatographic expenment, the starch column, to which the 
sample of ammo acids has already been added, is mounted on the fraction 
collector The solvent reservoir is attached, and the reqmsite air pressure 
apphed The stop-cock on the resen oir is clamped firmly in position to 
prevent it from loosening under pressure With columns 0 9 cm in diam- 
eter, 0 5 cc fractions are collected In general, in order to reahze the full 
resolving pow er of the column, the size of the fractions collected should be 
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^^heel (7) ^^luch is adjacent to the jack The upiighb pm (J) on this wheel 
engages one of the slots (TC) m the base of the ciicular test-tube lack and 
moi es tlie lack one-eightieth of a turn A neu tube is thus brought undei 
the column The aim (L) on the shaft makes contact wth the micio 
siMtch (il7) and tuins off themotoi aftei the wheels (77 and 7) have made one 
le^oIutlon Since the countei mechanism lequires that the load ciicuit 
be closed foi neaily 1 second to allow time foi complete lesetting, it is 
necessaiy foi the geai ratio to give not moie tlian one i evolution of 77 per 
second The moving paits of the lack aie machined fiom biass The 
lack ie\olves on a sleeve beaiingat the centei and is supported by thieo 
s\mmetiically placed loUeis (R) mounted on the base 

The fraction collectoi is designed fox continuous duty The counter and 
the lelaj’’ can be replaced readily in case of failure An e\tia one of each 
of these items should be kept on hand as replacement parts Tire relay is 
mounted open to the an (not in a closed housmg) under the base of the 
machine to avoid oveiheatmg The light bulb is changed routinely after 
each month of continuous duty In the installation of the photoelectric 
countei, it IS necessaiy to keep the low lesistance leads to the phototube 
shoit enough to bung the ciicuit into counting balance when most of the 
^allable resistance (0) is m the circuit The lelay should close uhen the 
sensitivity dial (0) is turned to about 70 Accuiate focusing of the light 
beam on the apeituie is essential foi this result and the aperture m the 
diaphiagm may have to be enlarged if the light intensity stiilcmg the photo- 
lube IS too low The adjustment of the tip should be such that diops still 
legistei when the sensitivity dial is near zeio For mavimum stability 
during opeiation, the dial is set about midw'ay betw^een the point at ivhich 
the countei almost fails to legistei diops and the dial setting at which the 
countei ciicuit is pennanently closed The relay is designed to give an 
impulse of about 0 5 second duiation to the countei upon inteiiuption of 
the light beam foi 0 01 second Tlie mavimum counting late with this 
machine is, theiefoie, about 2 diops pei second 

I inch Lucitc co\cr, split in center, cut out around phototube housing, DD, 1/16 inch 
Lucitc side panels, 7i inches high, BE, 1} inch hole in cover, centered ovci third ron 
of rach, FF, center supports for cover, attached to base of counter, GG, 1 inch diam- 
eter pullci , ////, 3/lG inch leather belt, II, split bakelitc clamp foi lamp socket, JJ, 
lamp, General Electric S7, 6 to 8 volts, 15 candle poiver, mounted with the filament 
^ crtical , KK, lens, IJ^ inches in diameter, 2 inch focal length, LL, gi ooved lens holder 
of bakelitc, pro\ idiiig a firm grip on the lens, MM, removable diaphragm of 3/32 inch 
bakelitc, supporting clamp C, sliding into grooves in side w alls of housing, with I inch 
diameter aperture for light beam, VV, phototube, RCA 921 , 00, ^ X 5 inch support- 
ing rod for housing, PP, ventilating holes in housing, QQ, si\ wire electric cable to 
counter, JfJ?, base plate for counter, with hollow central shaft fitting tightly into 
stationarj bearing, clamp, castaloy, Fisher catalogue No 5-743, TT, cotton pack- 
ing around stem of chromatograph tube 
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In the design of the fraction collector, opeiation on the drop-counting 
pnnciple was chosen to provide rigorous control of the sample size E\pen- 
ence ivith the machme has demonstrated that, with a dependable drop 
counter of the type recommended, considerable convemence and accuracy 
are afforded by this method of operation For chromatographic vork m 
general, fraction collectors operated on a time basis would probably not 
give as uniform fraction size, smce flow rates through a column are seldom 
stnctly constant, even uhen constant pressure dences are employed 
The base of the machine and the circular rack should be made of matenals 
vhich do not warp and are not damaged by orgamc solvents or dilute acids 
The rack should be of matenal which will not scratch photometer tubes 
Bakehte has been used m the present instrument, although investigations 
performed recently and to be descnbed m a forthcommg paper have re- 
vealed that this matenal suffers from the disadvantage that it contains 
ammoma or other volatile mtrogenous compounds In chromatrographic 
experiments with the ammo acids not mcluded in the present work, acidic 
solvents, such as 2 1 n-propanol-0 5 n HCl, have proved extremely useful 
Such solvents absorb ammoma very readily Since as little as 0 1 7 of 
NHj per cc is detected by the mnhydnn method, the NHs content of 
the bakehte has been troublesome It has been possible to obtain satis- 
factory operation by painting the bakehte surfaces of the machine and of 
the phototube housing mth a 2 per cent alcoholic solution of citnc acid 
Sheets with a dull fimsh take this treatment better than polished bakehte 
Nevertheless, m buildmg the fraction collector, it would be preferable to 
use matenals which do not liberate ammoma Provided the manufacturers 
cannot furmsh bakehte meetmg these specifications, a possibihty currentlj 
being mvestigated, other matenals might be substituted Any material 
employed should first be tested by suspending a sample of it over a few cc 
of 2 1 propanol-0 5 N HCl m a closed vessel for 24 hours Analysis of 
neutralized 0 5 cc aliquots of the solvent by the ninhj'^dnn method should 
reveal the presence in the material of any volatile nitrogenous compounds 
which might be a source of interference The Lucite cover is not resistant to 
butanol or benzyl alcohol and it may prove preferable to make covers from 
other matenals A sliding addition to the cover can also be made to fill 
in the space beneath the phototube housing 

In a chromatographic expenment, the starch column, to vhich the 
sample of amino acids has already been added, is mounted on the fraction 
collector The solvent reservoir is attached, and the requisite air pressure 
applied Tlie stop-cock on the resen'oir is clamped firmly m position to 
prevent it from loosening imder pressure With columns 0 9 cm in diam- 
eter, 0 5 cc fractions are collected In general, m order to realize the full 
resolving pover of the column, the size of the fractions collected should be 
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small enough to yield at least ten points on each ammo acid peak Tlie 
number of drops requiied for a given volume is readily detei mined from the 
weight of the liquid dehveied in 10 drops fiom the tip, together vith the 
density of the solvent For small volumes, a tip which deliveis 20 to 40 
drops per 0 5 cc is convement The size of diop delivered is not signifi- 
cantly changed by a 2-fold alteration m the late of flow The number of 
drops per cc fiom a given tip is constant to bcttei than 1 pei cent for a given 
solvent over a tempeiature lange of seveial degiees and is unaffected by 
dilute concentiations of solute in the effluent The diop size can be in- 
ci eased to a ma\imum of about 20 diops pei cc wth a faiily blunt tip of 8 
mm outer diametei If water is being used, lathei than an oiganic solvent 
muvture, a beveled tip oi a constucted tip of widei bore may be requiied for 
even flow 

The machine is designed to hold 80 lipless soft glass test-tubes, 18 X 150 
mm (Aithui H Thomas Company, catalogue No 9446) Foi analytical 
experiments vnth columns 0 9 cm in diametei , much time is saved by 
employing tubes that have been calibrated for use in the specti ophotometer 
(11) Since the whole fi action is analyzed, evapoiation of some of the sol- 
vent introduces no enoi If largei columns aie being lun foi piepaiativc 
pui poses, uncahbrated tubes are emplo 5 ’’ed and aliquots pipetted for anal- 
ysis In this case, evaporation can fiequently be neglected, since vith 
butanol it amounts to only about 50 mg per tube in 18 houis If desired, 
evaporation from the tube can beieduced almost to zeio by placing a small 
funnel in each tube, as illustiated in the leceivei in Fig 2, B The funnels 
can be made fiom 15 X 125 mm Pyie\ test-tubes vath nms In the col- 
lection of large fiactions, the splashing vhich frequently occurs as the diops 
stnke the funnels can be eliminated by placing a small pad of glass wool in 
each funnel 

Tlie tubes are permanently numbered mth a serial numbei and a set num- 
ber and stoied in sets of 100 to 200 tubes in soft aluminum lacks,* protected 
fiom dust by covers The filled tubes aie lemoved from the fiaction col- 
lector each daj'' and leplaced by empty xeceiveis The fractions are stop- 
pered vath coiks until ready foi analysis A typical lun foi the si\ peaks 
shovai m Fig 1 requiies continuous opeiation of the machine foi about 4 
days Under these conditions the automatic cut-off aim {Z) is lemoved 
from the base of the rack If it is desired to have the machine tum off 
aftei filling a prescribed numbei of tubes, this aim can be placed in position 
As many as four columns can be mn on one machine at the same time 
For example, a second column can be mounted on the nght side over the 
second or third low of receivers and the piessuie adjusted to give about the 
same rate of flov as that of the column feeding into the photoelectiic 
counter The tip, vath cotton packing around the stem, is protected by 
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a glass slueld fitting into an opening m the cover {EE, Fig 2) For ana- 
lytical expemnents with columns 0 9 cm m diameter, this arrangement can 
be satisfactory, smce the exact fraction size does not enter mto the mtegra- 
tion of the curves However, if the fraction size is not accurately known, 
the estimate of the position of a peak m terms of cc on the abscissa of the 
effluent curve may be m error If the second row experiment is a duphcate 
of one that has been run on the counter, the peaks can usually be identified 
by cross-reference to the sequence of peaks m the first determmation 
Columns on the mner rows can also be used for exploratory quahtative 
expenments 

Analysis of Effluent Fractions — ^When columns 0 9 cm m diameter are 
employed, entire 0 5 cc effluent fractions are analyzed by the photometnc 
mnhydrm method outhned m the foUoivmg paper (11) With larger 
columns, 0 1 to 0 5 cc aliquots of the effluent fractions are pipetted for 
analysis The convemence of ehmmatmg the pipettmg step pomts to the 
desirabihty of employing columns 0 9 cm m diameter for ex^ienments bemg 
run for analytical purposes 

In the plotting and mtegrationof the curves, it is important that the base- 
Ime be correctly chosen With each set of 60 fractions taken for analysis, 
six to eight fractions well ahead of or behmd the peaks should be mcluded 
These fractions determme the blank reading of the effluent from the column 
The positive fractions are read against the average tube of the blank senes 
as zero 

The curves are mtegrated by the addition of the analytical values for the 
pomts on a given peak In determimng the mg of sample placed on the 
column, cahbration factors for the dehvery of the pipettes with aqueous 
and alcoholic solutions are mcluded (c/ (11), Table V) 

When two or more ammo acids are mcompletely separated from one 
another, as m the case of tyrosme and vahne in butanol-benz}'! alcohol 
(Fig 1), the amounts of each can be calculated if the overlap does not ex- 
tend as far as the peak pomts The calculation depends upon two expen- 
mentally observed facts, namely, (a) the height of a given peak is propor- 
tional to the amount of amino acid represented by the peak, and (6) for a 
given column, the height of a peak of umt area decreases approximately 
hnearly rvith mcreasmg effluent volumes In general, the calculation is 
made as follows 

Ai, Ai, and Ai = quantities in micromoles of amino acid in the first, second, and 
third peaks 

Pi, Pi, and Pj = corrected height of each peak in raillimolar concentration from 
Tables I and III of the following paper (11) 

Fi, Vi, and F» = efiluent volumes at which the peaks emerge 

Pi, Fi, and Fi = color yields for ammo acids Ai, Aj, and Aj 
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T = micromoles (leucine equivalents) obtained by integration of the 
combined peaks, as in Table V (11), not corrected for color yield 
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The lecovenes of tyiosme and valme summanzed m Table I have been 
calculated by this method by usmg only the teims involving Pi and Pj for 
a double peak The calculation gives lesults within db5 pei cent of the 
theoietical lecovenes in this instance In oidei to apply these equations, 
it IS necessary to have seveial analytical points near the peak of the curve 
The lecovenes are less satisfactory when the peaks aie nsing so lapidly that 
the maximum concentiations are not well defined It is also necessary that 
the fi action representing the peak of each cuive should contain only one 
ammo acid The decision as to whether the peaks aie sufficiently separated 
to penult valid calculation can geneially be made by inspection of the 
curves With unlmoivn mixtures, the applicability of the calculation 
should be checked by an experiment mth a Icnoivn mixture containing 
tyrosine and valine in approximately the same propoitions found in the 
unknovTi The use of partially separated peaks for analytical purposes 
IS to be avoided whenevei possible by the choice of a moie favorable solvent 
mixture The calculations given above have proved useful, howevei, for 
piehmmary appioximations, as well as in securing the data on tyiosme and 
valme given m Tables I, II, and III 

In some instances mth laigei cluomatograms, it is convement to be able 
to spot-test the fractions mth nmhydim-impiegnated paper in order to 
ocate the positions of majoi peaks and valleys Strips of filter paper can 
e impregnated wtli a solution of 100 mg of mnhydrm in 10 cc of w-pro- 

^ aii-diied paper can 

\ffpr f without Significant deteiioration 

In Rn° fn ^ f^om each fraction, the paper is warmed 

IS color With butanol-benzyl alcohol, it 
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Solvent Mixtures ^ — The solvent which has proved most useful for the 
separation of the first si\ amino acids (Fig 1) contams n-butanol, benzyl 
alcohol, and water Consden, Gordon, and Martin suggested the use of 
this combmation of alcohols m paper chromatography (4) On starch, the 
mixture possesses the advantage, in comparison with butanol alone, of 
movmg phenylalanine well ahead of leucine and isoleucme (Fig 1) With 
this solvent, however, recovenes of methionme have been low, occasionally 
by as much as 50 per cent Oxidation of methiomne by traces of peroxides 
present in the benzyl alcohol appears to be responsible for this effect 
Quantitative recovenes of methionme are obtamed when butanol is used 
alone The recovenes can also be made quantitative in the butanol-benzyl 
alcohol solvent by the mclusion of 0 5 per cent thiodiglycol (redistilled 
Kromfax solvent) The solvent mixture which has been adopted for the 
chromatographic analysis of the first six ammo acids (Fig 1) is made up of 
500 cc of n-butanol, 500 cc of benzyl alcohol, 144 cc of water, and 5 cc of 
thiodiglycol If the thiodiglycol is not added, the water content is reduced 
to 142 cc 

At 25°, the above solvent is shghtly imdersaturated ivith respect to water 
It IS essential that all solvents meet this specification If saturated solvents 
are used, slight changes in temperature may induce the separation of free 
droplets of water in the solvent above the chromatogram The collection 
of excess water on the top of the starch column can markedly distort the 
amino acid peaks The amoimt of water in the solvent also requires careful 
control m order to effect optimum separation of tyrosme and valme If 
the water content of the above mixture is decreased to 138 cc , the tyrosme 
and vahne peaks are so close together that there is no evidence of a dip or 
valley in the curve The curve in Fig 1 was obtained before this factor 
was fully appreciated and the result shoivn is therefore marginal The 
increase of the ratio of benzyl alcohol to butanol to 55 45 did not permit a 
Wider variation m the amount of water m the solvent The relative posi- 
tions of the other aimno acid peaks are not affected by similar small vari- 
ations in the water content For experiments vuth methionme, the solvent 
should be used vuthm 2 weeks after the addition of the thiodiglycol 

Butanol saturated with w'ater contains about 170 cc of water per liter 
Foi the chromatogram shown in Fig 1, B, an undersaturated solvent is 
prepared by diluting 150 cc of water to 1 liter with n-butanol The acidic 
solvent for Fig 1, C, was prepared from 170 cc of 0 57 n HCl made up to 
1 hter woth butanol Since the presence of HCl increases the solubility of 

’ The organic solvents employed in this m ork have been of analj tical reagent grade 
Distillation prior to use has been found unnecessary 

The peroxide content of different lots of benzjl alcohol vanes as judged bi the 
KI test Samples giving a strongly positive reaction are not used C\ cn i\ hen the 
KI test IS essentially negative, thiodiglycol must be included in the solvent 
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water m the alcohol, this solvent is still slightly undcrsaturated The 
cuiwe vith the butanol-HCl mivture has been included in Fig 1 for com- 
panson This solvent is unsatisfactoiy for many pui poses, since the re- 
coveries of ammo acids may run somewhat low because of esterification 

The solvents described above are only three examples fiom the vanety 
of mixtures that can be tried with staich columns, depending upon the 
objectives of the experiment Further woik Will be lepoited on the use of 
solvents of higher water content for the fractionation of the slower moving 
amino acids such as alanme and glycine, and the acidic and basic ammo 
acids These components are still on the column at the end of the expen- 
ments described m the present commumcation 

DISCUSSION 

Vanalzons m Starch — The potato starch manufactured by Moraingstar 
Nicol, Inc , which was used in the present expenments, contained 0 3 per 
cent ash (as sulfate), 0 05 per cent mtrogen, and 12 to 20 per cent moisture 
The granules vaned in size from 0 01 mm to 0 06 mm with the diameter 
of the average particle being about 0 03 mm It has been noted that the 
starch is capable of neutrahzmg small amounts of HCl I^^ien 20 gm were 
suspended m 50 cc of 0 01 n HCl and an aliquot of the supernatant was 
titrated, it was found that 1 5 cc of 0 01 n HCl were neutralized per gm 
of staich Small quantities of ash and othei impunties are exti acted from 
the starch b)’’ the butanol and butanol-benzyl alcohol solvents Tins mate- 
rial does not affect the analytical experiments vith staich chromatograms 
For isolation work, it may prove desirable to wash the starch four to six 
times mth 6 volumes of distilled watei Before it is dned, the water- 
washed staich should be washed with ethanol in oidei to facilitate the pro- 
duction of a finely divided an -dried powder For analytical expenments, 
the starch is used as it comes fiom the manufactuiei, as further treatment 
has not served to improve its resolving powei Samples of staich washed 
and diied in the laboratory have actually not given quite as good column 
poifomiance as the untreated commercial matenal 

Expenments have also been earned out with a sample of potato staich 
pin chased from Messrs Gordon Slater, Ltd , Manchester, England, ivhich 
presumably corresponds to the matenal emplojmd by Synge (6) Tlie ash 
content 11 as less than 0 1 per cent and the mtrogen content was 0 05 per 
cent The particle size was significantly larger than that noted above 
The average granule had a diameter of about 0 04 mm Wien exposed to 
a satuiated atmosphere of water or butanol contaimng 15 per cent ivatei m 
a desiccator at 25°, both the Mornmgstai Nicol and the Gordon Slatei 
preparations adsorbed 50 per cent of their dry weight of water or water plus 
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a small amount of butanol This value is higher than the value of 35 per 
cent reported by Synge (6) 

In chromatographic work, the reproducibihty of the adsorbent is a key 
factor m determimng the usefulness of a given fractionation procedure 
In the present experiments mth starch, it has been found that almost 
identical results can be obtained vuth different batches of potato starch 
from different manufacturers when measures are taken to compensate for 
vanations in trace metal contammation and m particle size 

The effect of small amounts of amino acid complexes of metal ions was 
observed m early experiments in which the first peak through the column 
was markedly distorted (10) It vas found that this difficulty could be 
completely overcome by removmg the interfenng ions with 8-hydroxy- 
qumohne When a chromatogram was run with the Gordon Slater starch 
without treating it with hydroxyqumolme, the effect of the metal ions v as 
not hmited to the first peak, but rendered the whole chromatogram com- 
pletely unsatisfactory In butanol-benzyl alcohol the first three com- 
ponents emerged as one broad zone mth a recovery of only 65 per cent 
Pnor hydroxyqumoline treatment yielded a curve almost indistinguishable 
from that in Fig 1 The resolution was nearly as good and the peaks vere 
m the same positions With this starch, however, it was necessary to use 
4 times as much hydroxyqumolme as that prescnbed for the Mommgstar 
Nicol starch Therefore, if poor resolution is obtained with a given starch, 
an mcrease in the quantity of hydroxyqumohne may be tned If possible, 
it IS preferable to procure a sample of starch which requires only the nunimum 
treatment with hydroxyqumohne The metal effect is not correlated with 
the total ash of the starch The mterference is due to a minor morgamc 
component and it is not necessary to cany the hydroxyqumolme extraction 
to the point of completion To contmue the extraction to the point where 
no more colored complexes are eluted may require about 10 times the 
amount of hydroxyqumolme necessary to yield optimum anuno acid reso- 
lution 

Columns packed with the Gordon Slater sample of starch flow ed at about 
twice the optimum rate w'hen poured ongmally with 30 per cent water 
content The mcrease in flow rate correlates with the obsen ation on the 
larger granule size The satisfactory results cited abo\e were obtained on 
columns poured with an imtial 20 per cent water content to compensate for 
this difference 

Starches other than potato starch have been studied Commercial corn- 
starch, after punfication by acid-alcohol extraction to remove nitrogenous 
impunties and hpides, gave effluent cunes which were qualitatnely the 
same as those obtained with potato starch The resohing pow er w as much 
infenor and it w'as not determined whether improx'ements in the packmg 
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proceduie could be made Rice staich, with its much smaller particle size, 
gave flow lates that were inconvemently slow Canna starch," uhich 
posesses the largest gianule size among the common staiches, gave less uni- 
form column flow when tested vith a coloied sample zone On the basis 
of purity, availability, and functional tests, potato starch appears to be 
pieferable to other staiches foi chiomatographic woik vith ammo acids 

Tcchmques of Colunm PacUng—Tfhe degiee of lesolution of phenjdala- 
nine, leucine, and isoleucme m the butanol-benzjd alcohol solvent nuxture 
has been used as a test m studies on the effect of vaiiations in the paclung 
pioceduie With a pool column, the peaks aie in the same positions but 
are lowei and the spreading of the zones tends to fill in the valleys Tlie 
use of electiic nbiatois duimg paclong, rotation of the column during 
pouimg, or continuous agitation of the sluirj'' duiing its introduction 
appealed to have little influence on the lesults Aftei the accumulation 
of obseivations on alaige senes of columns of varying efficiencies, the most 
impoitant point in the packing pioceduie pioved to be the vatei content 
of the staich at the time the column was piepaied Conti ol of the water 
content affects the unifoimity of the paclving in two ways First, the 
density of the staich gianule decreases with increasing hydration The 
density of the pai tides at 20 to 30 pei cent watei content is such that they 
settle very sloiily and evenly in diy butanol, but the density difference is 
not so small that the gianules tend to “float" in the solvent The obseiva- 
tion of a sliaip settling line moving up the chiomatogiaph tube is evidence 
for a satisfactoiy density diffeience Secondly, the swelling of the starcli 
gianules from about 30 pei cent watei content to 50 pei cent, vhich occurs 
aftei the column has settled to constant height and while it is equilibrating 
vith the vet oiganic solvent, cieates an evenl}’’ distributed internal pressure 
capable of i educing the intei gianule inteistices The high efficiencies of 
these columns lesult in large pait from the particulai piopeities of the 
staich gianule which make possible a packing piocedure of the type em- 
ployed 

As the initial watei content of the staich duiing the pouiing of the column 
IS decreased below 20 to 30 pei cent, no fui thei significant inciease in column 
efficiency has been obtained The packing pi ocedure outlined in the e\pei i- 
mcntal section loutinely gives columns which aie essentially identical in 
flov chaiactenstics and lesolving powei This geneiahzation holds for 
columns up to 8 cm in diameter, the chaiactenstics of which can be accu- 
latelj’’ piedicted fiom nins on columns 0 9 cm in diametei 

Rate of Ffoit)— Deciease of the late of flow below that piesciibed in the 
expel imental section has not 3uelded impioved lesolution Doubling the 

" inclebtcd to jMr C V Caesar of the Stem, Hall and Compani^ Inc , 

New lork, andtoDr C O Beckmann for the samples of canna starchy 
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flow rate by increasing the pressure has caused about a 10 per cent decrease 
in the heights of the peaks and corresponding spreading into the valleys 
This increased flow rate requires the use of a piston assembly of the type 
descnbed by Claesson (12) to avoid contact between the solvent and the air 
at the higher pressure The solvent was added from a 100 cc glass synnge 
attached to the top of the column The synnge was enclosed m a brass 
container fitted to the upper part of the chromatograph tube through a 
rubber stopper The maximum pressure of 15 cm , which has been adopted 
for the present expenments, is convement from the standpoint of operation 
and gives optimum resolution 

Vanaiions %n Ammo Acid Sample — Successful fractionation of a mixture 
of ammo acids on a starch column depends upon not overloading the 
column The quantity of matenal that can be handled will vary with the 
composition of the mixture and the objective of the ex-penment With 
the protein hydrolysates studied in the present expenments, the maximum 
total load of 2 5 mg on a butanol-benzyl alcohol column causes a narrow 
white zone to form at the top of the translucent column This zone is asso- 
ciated with the liberation of small amounts of water which cannot be ab- 
sorbed by the shghtly undersaturated solvent If the ammo acid load is 
doubled, the amount of water hberated may be sufiicient to cause visible 
streaks to spread doivn the walls of the tube Under these conditions, the 
peaks emerging in the effluent are broadened and resolution is mfenor 
The glycine, glutamic acid, lysine, ammomum chlonde, and other very 
hydrophihc components of the mixture contnbute to the hmiting load m 
this case The presence of sigmficant percentages of NaCl, or other moi- 
gamc salts, may have the same effect 

The loading of phenylalamne, leucme, and isoleucine can be increased m 
the present expenments, if these constituents are the only components of 
the mixture If the objective of the expenment is the determination of 
methiomne, which gives a peak well separated from the rest, the load can 
be increased without regard to some reduction m resolving power Also, 
if the objective is the isolation of components from the effluent of a large 
column, columns can be operated at a higher capacity and the overlapping 
zones discarded m working up the fractions 

Idenhficahon of Ammo Acid Peaks — ^The effluent volume at which a 
given ammo acid peak emerges from the column has been estabhshed m a 
senes of expenments with simple and complex known imxtures In expen- 
ments mth relatively simple unknowm mixtures, such as acid hjdrolj sates 
of purified proteins, the considerations descnbed belon make it possible to 
identify the familiar ammo acid peaks mth a relatn elj high degree of cer- 
tainty It should be stated at the outset, however, that m chromato- 
graphic work mth unknomi mixtures the only unequivocal method for the 
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quabtative identification of tlie component or components m a peak is 
through isolation of the mateual in sufficient quantity to permit its char- 
acterization by mdependent miciochemical methods The fact that the 
starch column can be scaled up to 8 cm or moie in diametei indicates that 
this approach is feasible Furthei woik is lequiied on techniques for the 
isolation of components from the effluent on a preparative scale 
Identification of the peaks is facilitated by the fact that the effluent 
volume for a given ammo acid has been found to be constant to within ±5 
per cent, depending upon the natuie of the solvent and the weight of starch 
used in the preparation of the chromatogram. The position of an indi- 
vidual ammo acid has not been influenced by the presence of other amino 
acid components m the mixtuie being fractionated Leucine, for example, 
emeiges at the same position when added m a S3mthetic mixture as when 
added alone In the graphical presentation of the results, it has been con- 
vement to measure the effluent volume from the time the sample is placed 
upon the column, mthout subtracting the imtial column volume Small 
vanations m the positions of the effluent peaks aie thereby introduced as 
a result of differences m the tightness of the column packing The varia- 
tions from this source are negligible in the present experiments 

Comparison of the larowms and unlcnonms wth respect to the general 
sequence of the peaks and their precise positions relative to one another is 
of importance (Figs 1, 3, and 4) The position of the leucine peak relative 
to the neighboring phenylalanine and isoleucme peaks is even more repio- 
ducible than the absolute effluent xmlume The exact position of a peak 
on the abscissa may change slightly, foi example, with small vanations in 
the composition of the solvent The relative positions of two peaks are 
seldom similaily sensitive An exception is the case of tyrosine and vahne 
discussed eailiei 

The positrons of the peaks obtained in the analysis of an unlmown mix- 
tuie can be checked by the addition of one or more loiomr ammo acids to 
the sample prior to analysis The corresponding peaks on the effluent curve 
should use mthout loss of symmetry, and the added amount of amino acid 
should be recovered quantitatively In some cases, mfoimation on the 
identity of a peak can be obtained by specific color reactions In tire 
tyrosine lange, nheie frequently only every second fraction is used for nm- 
hydnn analysis, the remaining fractions contaimng tiTosine can be pooled, 
concentiated to dryness, and tested wth Millon’s leagent The proba- 
bility of collect identification can also be greatly increased by demonstrat- 
ing that the peak from the vmlmown appears at the correct position vhen 
chroraatogiaphed nith two oi more different solvents 

\\flicn w'oiking wath nuxtuies moie complex than tire usual protein 
hjdrolysate, the problems of identification are mcreased Conclusions 
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based upon chromatographic data alone should be made with caution, 
particularly m the case when the mixture has not been subjected to hy- 
drolysis In such mstances, m the absence of additional information, it 
cannot be assumed that a peak m the effluent curve occurrmg m the phenyl- 
alamne range, for example, is phenylalamne Nevertheless, information 
useful as a basis for fuither work may be obtained Care in the exami- 
nation of each peak for its absolute position, its position relatn e to other 
peaks, and any tmusual degree of asjTiimetry may reveal the presence of 
unsuspected components If a peak should occur m a portion of the curve 
normally unoccupied by any of the common ammo acids, it is possible to 
state defimtely that it is not one of these substances Similarly, the 
absence of an ammo acid can be uneqmvocally demonstrated ivithin the 
accuracy of the nmhydnn method It must be borne in mind that the 
ninhydnn method of analysis is sensitive only to compounds contaimng 
amino groups A smgle symmetncal peak on the effluent curve does not 
exclude the presence of ninhydrm-negative compounds mth similar rates 
of travel on the chromatogram 

Among the possible fast movmg components other than those shown m 
Fig 1 IS tryptophan which emerges near to phenjlalanme in the three sol- 
vent mixtures In the butanol-benzyl alcohol solvent, tins amino acid is 
readily detected m the valley between phenylalanine and leucme, and m 
Fig 4, A would yield a peak at an effluent volume of 38 5 cc If the separa- 
tion of phenylalamne, tryptophan, and leucme is required, expenments 
have mdicated that they can be completely differentiated by rechroma- 
tographing the mixture on an aqueous 0 1 N HCl column (10) With acid 
hydrolysates of protems, the problem seldom anses, smce tryptophan is 
usually decomposed dunng the hydrolytic process Other possible amino 
acid components m the leucme-valme range include dibromo- and duodo- 
tyrosme The latter emerges at an effluent volume of 16 cc (Fig 4, A) 
The presence of peptides of course, would mtroduce many possible addi- 
tional components 

There are no detectable differences m the rates of travel of D-, E-, and dl- 
ammo acids on the starch column This point has been checked with the 
L and DL forms of all of the ammo acids covered by the present expenments, 
except tyrosme 

The positions of the ammo acid peaks are also of sigmficance m the the- 
oretical interpretation of the action of the starch column It has been 
pomted out that the lates of trar el of the amino acids on the column do not 
correspond m all cases to the rates to be expected from the liquid-liquid 
distnbution theory (10) Further studies on the acidic and basic ammo 
acids have revealed similar discrepancies The available data suggest that 
the imderlymg prmciples govemmg the operation of the starch column are 
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adequately coveied by the cmrently accepted definition of the chromato 
graphic process The teim “hquid-hquid (paitition) chromatography” 
does not appeal to be applicable to the stai ch column 
Quanhtahve Analysis of Synthetic Mixtures of Ammo Acids— Tho results 
obtained m a senes of chiomatogiams peifoimed on synthetic mixtures 
containing the eighteen ammo acids most commonly found in protein hy- 
diolysates are summanzed m Table I Recoveries on columns 1 9 cm and 
0 9 cm m diametei have been included The lesults indicate that m work 
mth protein hydiolysates, an individual detcimination of a component 
piesent to the extent of 3 pei cent oi moie of the protein is seldom m erior 

Tablu I 

Rccovotes of Amino Acids fiom Mixtures Containing Nineteen Componenh 
Solvent, 1 1 0 288 n-butanol-bcn7yl alcohol-water 


Mixture 

Phcnyl- 
^ alanmc 

Synthetic p lactoglob- 

101 4 

uhn hydrolysate* 

97 3 

I 

98 0 

Synthetic bovine serum 

103 5 

albumin hydrolysatet 

103 G 


101 8 


98 4 


99 4 

Average 

100 5 


Per cent recovery 


Lcucinc 

101 

0 

100 

4 

104 

5 

102 

8 

101 

0 

101 

6 

102 

0 

101 

0 


101 7 


Isolcucmc Mcthionmc 




Ot 

Ct 


102 9 100 3 


Tyrosine 


£ 


101 8 

105 3 

106 4 

100 C 

101 1 
102 7 

101 8 


Valine 

102 0 

99 8 
103 0 

98 3 
90 7 

99 0 

100 1 
100 8 

100 0 


* Corresponding in composition to an acid hydrolysate of P-lactoglobulin (Brand 
cl al (7)) Tryptophan was omitted 

t Corresponding in composition to an acid hydrolvsate of bovine serum albumin 
(Brand (13)) Tryptophan was omitted 

} The solvent contained thiodiglycol The amount of methionine present nas 
increased to 0 times that reported for bovine serum albumin 


by as much as 5 per cent The aveiages of several determinations have 
given an accuiacy of ±3 per cent 

Composition of Hydrolysates of P-Lactoglobuhn— The sample of /S-lacto- 
globulin used in these experiments was prepaied in the laboratoiy of the 
late Dr Max Beigmann by Di G Haugaard and was one of two samples 
lecently analyzed by Biand and cowoikers (7) The figme of Brand et al 
foi the nitrogen content of the ash- and moisture-fiee protein, 15 6 pei cent, 
was confiimed and was employed as a basis for calculations in the piesent 
woi V This protein offeied opportunity foi compaiison of the analytical 
icsults obtained by chromatography on staich with those obtained by 
oilier methods 
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The effluent curve from a sample of the hydrolysate showed no unex- 
pected peaks (Fig 3) The positions of the six peaks present corresponded 



Fig 3 Chromatographic analysis of a hydrolysate of /3 lactoglobulin Solvent, 
1 1 0 388 n-butanol-benzjl aloohol-nater (without thiodiglycol) Column, 52 gm of 
starch (anhydrous) , diameter, 1 9 cm , height, 30 cm Sample, about 20 mg of 
ammo acids 

Table II 

Ammo And Composiiton of Hydrolysates of p Lactoglobulin 


The numbers in parentheses refer to the bibliography 


Method of determination 

Hydrol j 


Ammo acid, gm per 100 gm protein 


No 1 

! 

Phenyl 

alanine 

Leueme 

Isoleucme 

Tyrosine 

Valine 

Chromatography on 

1 

3 74 


5 81 

3 58 

5 71 

starch 

2 

3 82 

15 7 

6 04 

3 81 

5 61 


2 

3 77 


5 74 

3 52 

5 55 

Average 


3 78 

15 5 

5 86 

3 64 

5 62 

Isotope dilution 
Microbiological 

Chromatograph! on 
silica gel 

Solubiliti product 
Photometric 


1 

15 7(14) 
15 4(15) 
15 3(1G) 

15 9(19) 

8 4(7) 

7 0(16) 

8 7(17) 

6 1(18) 

3 78(7) 

5 8(7) 

5 5(16) 

5 8(3) 


to those of recognized components of the protein WTien known amounts 
of phenylalamne and isoleucme vere added to the hydroljsate, the peaks 
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assigned to these components rose accordingly to give lecovenes of 99 and 
98 pel cent, respectively, for the added quantities The curve was com- 
paiable to that obtained noth the synthetic control (Fig 1, The quan- 
titative ^alues obtained by mtegiation of the curves are given m Table II 



50 15 100 

Effluent cc 



Effluent cc 


Chromatographic analyses of a hydrolj'sate of bovine serum albumin and a 
nihnl'u composition Solvent, 1 1 0288 n butanol-benzjl al- 

in n ^ thiodiglycol A, synthetic mivturo correspond- 

conlptii ys^rte of bovine serum albumin vith increased methionine 

31 (.m n' starch (anhydrous), diameter, about 0 9 cm , height, 

serum albumin^’ O synthetic mi\ture B, hydrolysate of bovine 

heiirht 33 cm 9 ° gm of starch (anhydrous) , diameter, about 0 9 cm , 
height, 33 cm Sample, corresponding to about 2 5 mg of piotem 


ID reasonable agieement with the 'values obtained other 

u On ^ which the chromatogiaphic value 

rcasorforTl miciobiological values The 

reason for the high results (7, IG, 17) has subsequently been asceitained 
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and tlie most recent value of 6 1 per cent obtamed by Smith and Greene 
(18) IS close to the chromatographic figure of 5 86 per cent Since the 
j3-lactoglobulm expenments were run before thiodiglycol was mcorporated 
mto the solvent, quantitative methionine values were not obtamed 

Comfosihon of Hydrolysates of Bovine Serum Albumin — The sample of 
protem analyzed was obtained through the kmd cooperation of Dr Erwm 
Brand, and was the same preparation (Armour, lot No 18) which was 
analyzed m his laboratory The nitrogen content of the ash- and moisture- 
free protem, 16 07 per cent, given by Brand (13), was confirmed An 


Table III 

Ammo Acid Compostiion of Hydrolysates of Bovine Serum Albumin 


Method of determination 

Hydfoly 
sate No 

Ammo acid gm per 100 gm protem 

Phenyl 

alanme 

Leucine 

Xsoleucme 

Methio- 

nme 

Tyrosme ' 

Valme 

Chromatography on 1 

1 

6 96 

12 4 

2 65 


5 15 

6 04 

starch 

1 

6 42 

12 4 

2 67 


4 76 

5 86 


1 

6 56 

12 6 

2 41 


4 85 

5 92 


2 

6 39 

11 9 

2 62 


4 96 

1 5 70 


2 





5 30 

5 69 


3 

6 56 

12 0 

2 74 

0 92 

6 18 

5 95 


3 

6 72 

12 3 

2 68 

0 92 

5 24 

6 27 

Average 


6 60 

12 3 

2 61 

0 92 

5 06 

5 92 

Other methods 


6 2* 

13 7* 

2 9* 

0 81t 

5 49t 

6 5* 







5 53§ 



* Microbiological assaj (13, 20) 
t lodometnc determination (13, 20) 
t Photometric determination (13, 20) 
§ Isotope dilution method (21) 


effluent curve on an acid hydrolysate of bovine serum albumin is given m 
Fig 4 Integration of the peaks yielded the results given m Table III 
In this case the chromatographic values for leucine, isoleucme, tjTosine, 
and valine are all about 10 per cent below the values given by Brand (13, 
20) Phenylalanine runs about 6 per cent higher and the methionine value 
is essentially a check However, the methiomne peak was far too Ion for 
accurate integration With a peak as low as that of methiomne in this 
case, an error of 0 005 m the optical density readmg for the base-line of the 
peak could cause an error of 15 per cent in the recoreiy For aimno acids 
present in small amounts, the accuracy can be mcreascd by placing a larger 
/'sample on the column For tyrosme, the value of Brand and conorkcrs 
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(20) checlcs weU the figure of Shemm (21) who employed the isotope dilu 
tiou method In the lattei case, however, a dilfeient lot of serum albumm 
was employed The uniformity of the disci epancy between some of the 
earlier results and those reported heie stimulated a diligent search for 
systematic errors in the chromatographic pioceduie Three different 
h^'^drolysates were analyzed with concoidant results The nitrogen content 
of the hydrolysates was deteimined by the same micio-Kjeldahl procedure 
used in the analysis of the piotein The synthetic mixtures gave excellent 
recovenes (Table I) Theie appeals to be no systematic explanation for 
the differences 


SUMMARY 

A proceduie for the quantitative chromatographic separation of phenyl- 
alamne, leucine, isoleucme, methionine, tyrosine, and valine has been 
developed The ammo acid mixtuie is fractionated on a column packed 
ivith potato starch The solvent which has been used in most of the experi- 
ments IS 1 1 0 288 n-butanol-benzyl alcohol-watei contaimng about 0 5 
pel cent thiodiglycol 

Photometiic mnliydrm analyses are performed on small mcrements of 
the effluent solution to permit the construction of effluent concentration 
cuives which leveal in detail the changes in composition of the eluate 
With columns 0 9 cm in diameter and 30 cm in height, integration of the 
resulting peaks gives ammo acid recoveries accurate to 3 to 5 per cent m - 
individual deteiminations on 0 1 rag quantities of a component The 
average of several expeiiments gives lecovenes to within ±3 pei cent on 
sjmthetic mixtuies of nineteen components coi responding in composition 
to piotem hydrolysates Experiments have been carried out on the deter- 
mination of the amino acid composition of acid hydrolysates of samples of 
bovine seuim albumm and ^-lactoglobuhn 

An automatic fi action-collecting machine is desciibed for the collection 
of the laigc number of small effluent fi actions required in this tjqie of chio- 
matogiaphj'’ The techmques foi measumient of the shape and position 
of the emerging peaks have permitted careful companson of different 
samples of starch and the factois Avhich entei into the piepaiation of uni- 
foim columns It has been possible to define procedures which have given 
fully leproducible lesohung power from column to column and Awth dif- 
feient preparations of potato starch The columns can be scaled up to 
8 cm m diameter Awthout loss of efficiency 

The authors wish to acloiowledge the assistance of Miss Enid Mellquist 
and IMr H R, Richter in the performance of this work 
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PHOTOMETRIC NINHYDRIN METHOD FOR USE IN THE 
CHROMATOGRAPHY OF AMINO ACIDS 

By STANFORD MOORE anj> WILLIAM H STEIN 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 

(Received for publication, June 8, 1948) 

For the investigations on the chromatographic separation of ammo acids 
outlined in the preceding commumcation (1), it was necessary to have avail- 
able a suitable quantitative method for the determmation of the concentra- 
tion of ammo acids m the effluent from the column For this purpose, the 
method should be sufficiently general to include the determination of most 
of the ammo acids and peptides hkely to be encountered in protein hydrol- 
ysates or other material of biological origin The method should have as 
high a sensitivity as possible to permit the determination of low concentra- 
tions of amino acids in the effluent from the chromatogram Also the 
laboratory procedure should be fairly simple to permit the method to be 
applied conveniently to large numbers of effluent samples 

It appeared probable that a photometric method would best /ulfil these 
requirements The two colonmetnc methods of this type which had re- 
ceived the most study were the procedures based on the use of /3-naphtho- 
quinonesulfomc acid and mnhydrm (tnketohydnndene hydrate) as re- 
agents For reasons which wiU be descnbed, the mnhydrm reaction was 
selected for further investigation 

The color reaction between a-NHj acids and mnhydrm has been studied 
extensively m the past It has been established that colored compounds 
are formed not only with amino acids, but also with peptides, proteins, 
and other classes of substances possessing free amino groups The reaction 
IS knowm to be extremely sensitive for qualitative work In earlier at- 
tempts to render the color reaction quantitative (2-8), however, it has been 
found that the color yield per microgram of amino acid decreased markedly 
as the concentration of aimno acid was reduced In addition, the results 
have not been reproducible In the present investigations, it has been 
observed that, when the color development is earned out in tubes exposed 
to the air, these difficulties appear to result pnmanly from the infiuenco of 
dissolved oxygen Improved results can be obtained when the reaction is 
performed in tubes evacuated to 20 mm Under these conditions, the 
relationship betw'een color jueld and amino acid concentration is more 
nearly linear, although the deviations are still marked By the addition 
of a strong reducing agent directly to the reaction medium, how e\ er, the 
' oxidative side reaction has been eliminated In preliminarj'- experiments 
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the leduced foim of nmhydiin, as hydundantm ( 9 ), was added Subse- 
quently, it pioved sunplei to add stannous chloiide to the leaction mixture 
The stannous chloude seiwes to reduce paitof thenmhydrm, andthepiep 
aiation of hj^dnndantm m ci3^stallme form is not lequired Although 
ascoibic acid used as an antioxidant inci eases the sensitivity of the leaction 
for qualitative use ( 10 ), it is unsuitable for quantitative woik because it can 
also give colored condensation pioducts with ammo acids (cf ( 11 )) 

T\Tien conditions had been established which would give thoroughly rc 
pioducible photometiic leadings inth a given ammo acid, a study vns 
made vith several ammo acids to deteimine the effects upon the reaction of 
vaiiations in pH, tempeiatuie, time of heating, and amounts of reagents 
At the same time, the mechanics of the procedure weie developed to permit 
the anal3’'sis of laige numbeis of samples m a routine manner 

The method still possesses one important disadvantage Although re 
producible results are obtained foi a given ammo acid, the diffeient amino 
acids do not all joeld the same amount of coloi per mole Foi chiomato- 
giaphic analysis, tins is not a seiious disadvantage In those instances in 
which the staich column can separate an ammo acid completely from the 
othei components of the mixture, the ninhydim leaction can be made to 
give quantitative values by the use of a factor appiopiiate foi the amino 
acid in question 

Some of the possible causes foi variations in the coloi joeld pei mole have 
been studied The absorption spectra indicate that all the a-NHs acids 
(except cysteine) give the same major colored end-product This blue col- 
oring matter was piepaied bj'" Ruhemann ( 9 ) by the reaction of ninh5’’dnn 
with alanine and by the condensation of h3’'diindantm with ammonia To 
this compound Ruhemann assigned the structuie of diketoh3’’drind3didenc- 
diketol^'^drmdamine In the present nork, the product has also been iso- 
lated from the mixtures obtained m the reactions of nmliydiin voth gl3'^cine 
and glyc3dleucme The substance crystallizes as the sodium salt from the 


R-C-COOH+2 


0 

" -KT 

c Na citt*ate 

\ /nu huffep 

V 'OH pH 5 

I 100’ C 


0 0 

I c 

■ \ / 
C-N=C 

Y c 

ONa H 


. I 

+ CO 2 I + R“C"0 


acid Ninl^pin 


Diketohydnindylidene- Carbon Aldehyde 
diketohydr>inaamjne dioxide 


titiate buffer solution used m the present experiments The absoiptior 
spcctium of a standard solution of diketohydrmdyhdene-diketoh3’-drinda 
mine can bo compared noth the spectrum of the unfractionated leactior 
mixtuies from ninh3’-dim and a-NH2 acids The compaiison shows that 11 
the leucine reaction, for example, the coloied pioduct is formed m only 9 c 
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pel cent of the theoretical yield A modification of the method which would 
render the yields quantitative in all cases would be an improvement For 
a given ammo acid, the percentage yield of the colored product is inde- 
pendent of the initial ammo acid concentration This fact indicates that 
the low yield is charactenstic of the mechanism of the reaction under the 
experimental conditions employed and is not due to destruction of part of 
the color by a trace of oxygen 

With prohne and hydroxyprolme, as showm by Grassmann and von Arnim 
(12), the reaction follows a different co'urse than voth the ammo acids con- 
taimng an a-NHj group These two ammo acids give products with a 
maximum absorption at 440 m/x The present procedure can also be used 
to deter min e prolme and hydroxyprolme, although the sensitivity is less 
than m the case of the ammo acids ivhich form diketohydnndyhdene- 
diketohydrmdamine 

It has long been knoivn that colorimetnc mnhydnn methods are not 
specific for the NH2 groups of ammo acids The NHj groups in peptides 
give good color development, many amines such as histamine and tyramme 
ivill react and the presence of hydrmdantin, used in this procedure, causes 
NH3 to give a nearly quantitative yield of the blue reaction product Foi 
chromatographic experiments with ammo acids and peptides, the generahty 
of the reaction extends its usefulness For work with unfractionated bio- 
logical matenal, the lack of specificity would be a disadvantage, as was 
recognized by Harding and MacLean (2) The specificity of the photo- 
metnc nmhydrm method is similar m a number of respects to that of the 
nitrous acid reaction for amino nitrogen The method may be of value in 
instances when the nitrous acid reaction is useful For the estimation of 
free amino acids m the presence of peptides, the photometric method, of 
course, lacks the specificity of the gasometric ammo acid carboxyl deter- 
mination of Van Slyke, Dillon, MacFadyen, and Hamilton (13) 

The photometric ninhydnn method, vnth the present modifications which 
have rendered the results fully reproducible, appears to possess some advan- 
tages over i3-naphthoquinonesulfonic acid procedures for those applications 
for which these methods are suitable The reaction of ammo acids mth P- 
naphthoquinonesulfonic acid, as employed by Fohn, recently modified by 
Frame, Russell, and Wilhehm (14), and compared vnth the CO2 method by 
Chinard and Van Slyke (15), mvolves the additional operation of bleaching 
of the excess reagent The mnhydnn reagent solution possesses the advan- 
tage of being stable, and for routine use can be stored under nitrogen for a 
j month or more Fading of the color in the mnhj-^dnn method proceeds at 
t a much slover rate than that reported for the naphthoqumone procedure 
; (15) The mnhydnn reaction yields the same end-product from all the 
a-NH2 acids (cysteme excepted), whereas the chemistrj' of the /3-naphtho- 
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Qumonesulfomc acid reaction is less well defined and the absoi ption nia\Tma 
of the colored products obtained fiom diffeient ammo acids, though similar, 
are not identical (14) 


Apparatus 

PipcUes — ^Foi the pipetting of laige numbers of small samples of amino 
acid solutions for analysis, modified self-adjusting transfei pipettes are 
used in 0 05, 0 1, 0 2, and 0 5 cc sizes » The accuiacy of these pipettes is 
mcreased by operating them on a manifold connected to both compressed 
ail and vacuum lines Foi long senes of analyses, this ai rangement is also 
much more convenient for the operatoi The aiiangement of the pipetting 
stand IS illustiated in Fig 1 The manifold is made fiom thice T-tubes 
The thud tube is mounted behind the lubbei stopper (size 13) The con- 
nections aie made mth soft xubbei hemocytometei pipette tubing A 
slight vacuum (oi piessuie) is apphed to the micro pipette by touching the 
top of the appropriate T-tube and greater vacuum (oi pressure) by simul- 
taneously pressing on the adjacent rubber tubing The stop-cocks are 
closed only duiing the adjustment of the vacuum to about 60 mm and the 
piessure to about 15 mm Before use, the tip of the irucio pipette should 
be bent, as m Fig 1, and fiie-poUslied to give a deliveiy time of 8 to 12 
seconds at 15 mm piessure At tins late, and with wiping of the pipette 
tip befoie dehveiy, the lepioducibihty of deliveiy is 0 1 to 0 2 poi cent 
The hold up is about 2 per cent A senes of tubes fiom a chromatogiam 
IS lun through mthout washing the pipette betireen samples For each 
solvent employed the pipette must be calibiated gravimetncally A table 
of calibiation factors expicssed in terms of the fraction of the lated delivery 
IS piepaied for each pipette The metal holdeis for the 150 X IS mm 
sample tubes and photometei tubes aie cut fiom brass tubing of 20 mm 
innci diameter 

Pholomefe} Tubes — For the chiomatogiaphic pioceduie, it has been nec- 
essary to accumulate a matched set of over 1000 tubes for use until the 
Coleman junior spectiophotometei, model 6-A The tubes have been 
selected fiom sti am-tested soft glass test-tubes, 150 X IS mm , untliout 
bps ■ A solution of methyl red in 0 03 n HCl is prepared of such a stiengtb 
as to give a reading of 0 60 to 0 lO on the optical density scale when lead 
at 525 m/z against a watei zero About 100 tubes aie filled ivith 5 to 10 
cc of the methyl red solution It is impoitant that all tubes receive the 
methyl led solution fiom the same reservoii bottle Pouiing the solution 

’ The pipettes are made to the design of JDr P L Kirk by the hlicrochemical 
Specialties Companj , 1S34 University Avenue, Berkeley 3, California (catalogue 
2S3”B) 

» Catalogue No 9446, Arthur H Thomas Company, Philadelphia, Pennsylvania 
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from tube to tube can introduce significant errors The largest group of 
tubes giving readings ivithin 0 005 unit of the same value is selected The 
Bide of the tube facing the light source is marked temporarily at the time 
of the test, and subsequently ivith a glass-marking tool,® to indicate the 
correct position for the tube m the spectrophotometer About a dozen of 



these tubes are marked as standards and resen’-ed for use only m the check- 
ing of new sets 

In calibrating subsequent groups of 100 tubes against standard tubes 
filled Mith methyl red solution, each neu tube is rotated in the instrument to 
determme whether it can be set to read inthin 0 005 unit of the standard 

/ ‘Catalogue No 300S, Chicago IVheel and Manufacturing Corapani, 1101 ^^cst 
Monroe Street, Chicago, Illinois, mth additional grinding wheels A o 5 B-4-J 
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reading The satisfactory tubes aie appiopriately marked foi position 
The selected tubes are peiTuanently numbered in sets of 200 tubes each 
Each set can be subjected to an additional test by obsciving the zeio lead- 
ing when the tubes are filled with distilled watei In geneial, tubes selected 
by the methyl red piocedurehave given uniform zeio leadings 

I^Oien measured by calipeis below the nm, the tubes selected foi this 
study had an innei diametei of 16 25 i 0 15 mm The outer diameter 
aveiaged 18 3 mm Once a calibrated set lias been selected with tubes of 
a given aveiage diametei, such as 18 3 mm , it is necessaiy that subsequent 
lots of tubes obtained from the manufactuiei have an aveiage diametei m 
the same range Under these conditions, twenty-five to 50 tubes per 
bundled may prove acceptable If such specification is not made, some 
lots may run all high oi all low 

When the sets have been handled in wooden oi aluminum lacks,^ m 
Older to piotect the tubes from being sciatched, and washed with boiling 
soap solution, the tubes have lemamed accuiate duimg constant use for 
moie than a year 

To covei the photometei tubes duimg the analysis, Aloe-Willett alumi- 
num caps® aie used 

Walei Bath — k vigorously boiling watei bath is lequiied An open 
bath can be used, but the amount of evapoiation of the solvent (c/ Table 
III) from the tubes is less lepioducible The piesent evpeiiments have 
been earned out in a specially designed, electiically heated, covei ed bath' 
with a constant level regulator Foi these analyses, the bath is operated 
With the theimostat at the maximum setting, so that heat is constantly, 
not inteimittently, applied The tubes aie immersed to a depth of about 
2 inches The rate of heat supply should be sufficient to bung the bath 
back up to 99-100° within 2 minutes aftei the insertion of a full lack of 50 
tubes Only one rack should be mseited at a time The leai coiners of 
the covei are bent donmward slightly to allow the escape of steam without 
the collection of condensed w’atei A double hook handle foi insertion and 
lemoval of the racks can be made fiom a J inch metal lod 

Pi'pcihng Machines foi Reagents — ^Foi a small numbei of analyses, the 
leagents can be added by a burette or pipette Wlien large numbers of 
samples are being run, the ninhydim solution can be stored undei nitrogen 
in a 1 liter brown or led glass reservoir attached to a pipetting machine ^ 

* Smtnblc aluminum racks are described m the preceding communication (1) 

‘ Catalogue No JL-78300 (for IS mm tubes) A S Aloe Company, St Louis, 
Missouri 

' Catalogue No 405/3/11, Electric Heat Control Apparatus Company, 507 Fifth 
Avenue, Ncu York 17 

^ Model No 40 SS-10, Brewer Automatic Pipetting Machine, Baltimore Biological 
Laboratorj , Inc , 500 North Calvert Street, Baltimore 2, Maryland 
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The flexible connections are made with | inch inner diameter Neoprene 
tubing A 250 cc dropping funnel, for use m filhng the resenmir, is 
mounted on the bottle through a 3-hole rubber stopper The reservoir is 
connected to the top of a second bottle of the same size by a U-tube, and the 
second bottle is connected through a 2-hole stopper to a third 1 hter bottle 
by a U-tube vhich reaches to the bottom of each The second bottle is 
initially filled with v ater, and the air in the system is replaced by nitro- 
gen introduced through the dropping funnel at the time the apparatus is 
set up The reservoir can be refilled ivithout replenishing the mtrogen, 
except when the apparatus is disassembled for cleaning The pipetting 
machme is equipped with a 3 cc syringe and set for 1 cc delivery The 
valves (ungrooved) may require regnnding by hand vnth a fine emery or 
rouge to insure smooth performance with orgamc solvents Fire polishing 
of the glass delivery tip, when small volumes such as 1 cc are being delii - 
ered, helps to eliminate a hangmg drop or back flow 

A second pipetting machine, equipped with a 10 cc syringe, is used to 
deliver 5 cc of the diluent solution from a 2 liter storage bottle The 
flexible connections canbemade with 3/32 mch inner diameter Tygon tubing 
01 I inch Neoprene tubing For convemence in the analysis of large num- 
bers of samples, the reaction nuxtures are diluted vuth a given volume of 
solvent from the pipetting machine to avoid the procedure of bnnging the 
solutions to a prescnbed volume in calibrated glassware 

Reagents 

Ninhydnn — ^To insure a low' blank reading in the photometric procedure, 
the ninhydnn, prepared commercially according to the method of Teeters 
and Shriner (16), has usually been recrvstalhzed within several months of 
the time of use To 250 cc of water, 100 gm of ninhydnn are added 
The hot solution is treated with about 5 gm of decolonzing carbon The 
filtrate is stored at 4° overnight The mnhydnn is washed on the filter 
four or five times wnth 20 cc portions of cold water The air-dned crystals 
are stored in dark glass The recovery is 85 to 90 per cent 

Citrate Buffer — ^The buffer, pH 5 (0 2 m), is prepared from 21 008 gm of 
citnc acid, CgHbO; HjO (reagent grade) and 200 cc of N NaOH diluted 
to 500 cc Several times this quantity can be prepared and stored m the 
cold with thymol The pH of the buffer w hen diluted with an equal volume 
of w'ater should be 5 0 ± 0 1 

Methyl Cellosolvc — ^The samples of methyl cellosolve should gve a clear 
solution when mixed wnth an equal volume of water* and should give a 
negative or very faint peroxide test with 10 per cent aqueous IH 

' Turbiditj from sev oral samples of methyl cellosoh c w as found to result from the 
fact that the solvent had been repackaged in lacquered cans Purchase of the soU ent 
packaged in glass or in the manufacturer’s original containers is to be preferred 
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Ntnhjdnn Sohdton—'DissoWe 0 SO gm of reagent SnCl 2 2lIoO m 500 cc 
of the citiate buffer, pH 5 Add this solution to 20 gm of lecrystalhzed 
ninhydrm dissolved in 500 cc of methyl cellosolvo Transfei the reagent 
solution to the resei'voir bottle If the system is not already filled with 
nitrogen, lun a stream of nitiogen through the dropping funnel foi about 
30 mmutes lAffien stored in this manner the solution can be kept for at 
least a month mtliout deterioration The adequacy of the presei^mtion of 
hydnndantin in the leagent solution can be checked by determining the 
color yield on a standard amino acid solution of lelativcly low concentra- 
tion (1 mw) If unreciystalhzed ninhydiin is used, and the reagent solu- 
tion is clanfied with carbon, high blanlcs aie likely to lesult fiom nitrog- 
enous mateiials on the carbon 

If only a few analyses aie being run at one time, and a pipetting machine 
IS not required, the necessaiy small quantity of the leagent solution can be 
prepared for immediate use and the 1 or 2 cc aliquots run into the photom- 
etei tubes from a buiette 

Diluent Solution — Mi\ equal volumes of water and n-propanol (c p ) 

Slandmd Ammo Acid Solutions — For the analysis of 0 1 cc samples, 
1 6 to 2 0 mu solutions of ammo acids aie convenient The solutions are 
diluted 1 1 or 1 4 foi analyses m which 0 2 or 0 5 cc samples are required 
Ilffien watei -alcohol solvents are employed, the ammo acids are dissolved 
m water and the solutions made to the appropriate volume wnth the diy 
01 game solvent A small amount of HCl is added to dissolve tyrosine and 
cvstine Blanlc solutions for each solvent mixture are prepared at the 
same time 

Procedure 

In the case of standard solutions of ammo acids, triplicate samples of the 
blank and the standards aie pipetted into a series of photometer tubes 
"l^fiien the effluent from a chiomatogram is being analj'-zed, a single sample 
IS pipetted fiom each fraction If an automatic fiaction collector (1) has 
delivered the appropiiate size of sample directly into the photometer tubes, 
the pipetting step is eliminated 

If the solutions foi analysis are acidic, they should be neutralized (methyl 
led) to within ±0 1 cc of 0 1 n NaOH Foi a series of tubes fiom a 
chiomatogiara, a pielimmaiy titration is made on a blank sample Sub- 
sequently, 1 0 N NaOH IS appropriately diluted so that 1 oi 2 drops (0 05 
to 0 1 cc ) fiom a burette mil bring the sample mthin the desiied hmits 
The pi escribed number of drops of the alkali of adjusted concentration is 
added to each tube of the senes prior to analysis Acidic solutions mil 
usually pick up a trace of NH 3 from the air Since as little as 0 1 7 of NH, 
can be detected by the present procedure, it is important that the blanlcs 
and the analytical samples be handled under strictly parallel conditions 
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The pipetting machine for the ninhydnn reagent is checked for delivery 
by running five aliquots into a 5 cc volumetnc flask This is done daily 
before use of the machine, and also serves to discard the solution which has 
been standmg m the Neoprene tubmg The delivery should be within 
±0 5 per cent of the set value One or two aliquots of the mnhydnn solu- 
tion (1 cc for 0 1 and 0 2 cc samples, 2 cc for 0 5 cc samples) are run into 
the photometer tubes With samples m water or in solvents miscible with 
water, 1 cc of ninhydnn solution can be used for 0 5 cc samples if accuracy 
to the last few per cent is not important Aluminum caps are placed on the 
tubes and the tubes are shaken to mix the reagent and sample If the 
shaking is done by machine, the rack can be placed for 30 seconds on a 
reciprocal shaker^ operating at about 240 excursions per minute 

l^e rack of tubes is heated for 20 minutes in a vigorously boiling water 
bath The pipetting machine for the water-propanol diluent is checked for 
delivery with a 25 cc volumetnc flask 5 cc (±0 03 cc ) of the diluent are 
added to each tube The stream is directed into the center of the solution 
to give good mixing The tubes are wiped and transfeired to a dry rack 
The tubes are shaken by hand or by machine (1 minute) Readings are 
taken on the spectrophotometer starting at about 15 minutes after removal 
from the bath Readings are essentially constant for 1 hour after comple- 
tion of the reaction The analyses should be run in groups of not more 
than 50 tubes to permit the readings to be completed within this time 

The tubes are read on the Coleman junior spectrophotometer, model 6-A, 
at 570 m^ The blanks are read against a reference tube of 1 1 propanol- 
water The average blank tube is chosen, and the rest of the senes read 
with the instrument set on the blank determination as zero The blank 
reading should be about 0 08 to 0 10 on the optical density scale for 1 cc 
of reagent and 0 15 to 0 20 for 2 cc of reagent Prohne and hydroxyprohne 
are read at 440 xnn 

For tubes which read near to or above 1 00, the solutions and the blanli 
are diluted with additional 5 cc samples of the propanol-water solution 
When the volume m the tube reaches 16 to 17 cc , shaking by machine is not 
satisfactory, and inversion of the Neoprene-stoppered tubes is required 
If the readings are still off the scale (above 1 00), samples are pipetted into 
other photometer tubes for further dilution 

When an analysis is completed, the tubes are nnsed with water, a 
monel we screen or a perforated aluminum cover bemg used to permit 
the draining of a full rack of 50 tubes in one operation The tubes are half 
filled with 0 2 per cent aqueous solution of soap flakes The rack of tubes is 
heated for 20 minutes in a boiling water bath The tubes are rinsed three 
times with water and dned in an oven at 110“ The boiling soap solution is 

’ Catalogue No 5855, Precision Scientific Company, Chicago, Illinois 
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required to remove the band of mateiialthatis deposited on the v allsof the 
tubes vhen volatile solvents aie used 

Calmlahons 

A standard cuive is plotted for 0 1 cc aqueous samples of leucine at six 
concentrations varying from 0 5 to 20 mM Befoie being plotted, the 
average values aie divided by the pipette calibration factoi for water to 
give conected readings for 0 100 cc samples Fiom the graph, a table is 
prepared giving the millimolai concentrations corresponding to optical 
density readings from 0 01 to 1 00, in steps of 0 01 unit The concentra- 
tions are multiplied by 11 1/6 1 and 16 1/6 1 to give concentiations corre- 
sponding to the readings obtained after dilution of the 6 1 cc until one or 


Table I 

Relationship of Optical Density to Leucine Concentration {Condensed Table of Leucine 

Equivalents) 

Determined on 0 100 cc aqueous samples in photometer tubes of 16 25 mm inner 
diameter 


Spectrophotom 

Leucine concentration, mit per liter 

Spectropbotom 

Leucine concentration, mil per liter 

cter reiding, 
optical density 
X 100 

Volume of diluent added 

etcr reading, 
optical densitj 
X 100 

Volume of diluent added 

S cc 

10 cc 

j IS cc 

S cc 

10 cc 

15 cc 

10 

0 196 

0 357 

0 518 

60 ; 

1 18 

2 15 

3 11 

20 

0 392 

0 714 

1 03 

70 

1 39 

2 53 

3 67 

30 

0 588 

1 07 

1 55 

80 i 

1 61 

2 93 

4 25 

40 

0 784 

1 43 i 

2 07 

90 

1 83 i 

3 33 

4 83 

50 

0 980 

1 78 1 

2 59 

100 

2 05 1 

3 73 

5 42 


two additional 5 cc aliquots of the diluent A condensed format of the 
standard table obtained with tubes possessing an inner diameter of 16 25 
mm IS given m Table I, which covers concentrations up to 5 4 mar The 
procedure can be extended by manual dilutions to much higher concentra- 
tions The curve follows Beer’s law through readings up to an optical den- 
sity of about 0 50 There is a deviation of 4 per cent from the straight line 
relationship at an optical density of 1 0 
For the other ammo acids and related compounds, the coloi yields pei 
mole can be expressed relative to the leucine value as 1 00 Foi 0 1 cc 
aqueous samples, the milhmolar concentrations read fiom Table I, corrected 
for pipette delivery, were divided by the milhmolar concentrations of the 
standai d solutions to give the yields summarized in Table II Each anuno 
acid and peptide listed in Table II was checked for correct elementary anal- 
ysis and, whenever possible, for optical rotation (cf (1)) The other sub- 
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stances were obtained from commercial sources and were not purified 
before analysis 

For other than 0 1 cc aqueous samples, the values given m Table I for 
miUimolar concentration corresponding to a given spectrophotometer 
reading require correction for the changes m volume mvolved Before 

Tabi-b II 

Color Yields from Ammo Acids and Other Compounds on Molar Basts Relative 

to Leucine 


Determined on 0 1 co aqueous samples of 2 0 mw solutions, heating time, 20 
minutes, read at 670 m/j 


Compound 

Color yield 

Compound 

Color yield 

Alanine 

1 01 

! Glutathione 

0 76 

Arginine 

1 00 

Glycine ethyl ester 

1 00 

Aspartic acid 

i 0 88 

Glycyltyrosine 


Citrulline 

1 03 

Glycylphenylalanine 

1 04 

Glutamic acid 

1 05 

Glycylglycine 


Gljcine 

1 01 

Glycylleucine 

1 05 

Histidine 

1 04 

Leucylglycine 

0 92 

Isoleucine 

1 00 

Phenylalanylglycme 

0 97 

Leucine 

1 00 

Phenylalanine ethyl ester 


Lj sine 

1 12 

Histamine 

0 65 

Methionine 

1 00 

Taurine 

0 97 

Phenylalanine 

0 88 

Ty ramine 

0 64 

Serine 

0 94 

Sarcosine 

0 84 Co 

Threonine 

0 92 

Glucosamine 

1 00 

Tyrosine 

0 88 

Creatine 

0 03 

Valine 

1 02 

Creatinine 

0 03 

Cysteine 

0 15 Co 

Dibenzylamine 

0 04 

Half cystine 

0 54 

Glycine anhydride 

0 01 

Tryptophan 

0 72 Co 

Urea 

0 03 

Proline 

0 05 

Adenine 

0 00 

Hydroxyproline 

0 03 

p Aminobenzoic acid 

0 00 

Ammonia 

0 98 Co f 

Diethylbarbituric acid j 

0 00 

Asparagine 

0 94 

Glucose 1 

0 00 

Glutamine 

0 99 

Uric acid 

0 00 


calculating the correction factors to be apphed to the analysis of samples 
containing volatile orgamc solvents, it is necessary to determine gravi- 
metncally the amount of evaporation durmg the analysis by weighing tubes 
before and after heatmg the reaction mixture for 20 minutes under the 
expenmental conditions employed m an actual determination With 
butanol-water and propanol-water samples, essentially the entire 0 1 to 
0 5 cc sample of solvent evaporates durmg the heatmg process If acidic 
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samples aieneutialized before analysis, the volume of NaOH solution added 
must be included m the calculation. Wlien each term is expressed in cc , 
the coriection factois (F) aie calculated as follows 

(Sample volume + neutralizing solution 

+ ninhvdrin solution + diluent) - (loss by evaporation) v 

F = — 1 1 + diluent ' 

Representative factois for two oiganic solvents are given in Table III 
As a first appioximation, these factois, used in conjunction with the rela- 

Table III 

Factors for Different Sample Sizes and Solvent Systems 
Factors by vlucb the milhmolar concentrations from Table I are to be multiplied 
to give corrected leucine equivalents 


Solvent 

Sample 

size 

Ninhydrm 

solution 

1 Ia)ss by evaporation 

! 

Volum 

S cc 

Taclott 

t of diluent 

10 cc 

added 

IS cc. 


cc 

CC 

tng 

CC • 

1 

i 


1 

Water 

0 1 

1 

1 (H)} 

1 

i 1 ODD 

' 1 000 

1 1 000 


0 2 

1 

(19) 


0 508 

0 504 

! 0 502 

] 

0 5 ' 

2 

(19) 


0 246 

0 225 

0 21T 

Butanol-u ater§ 

0 1 

1 

94 

0 10 

0 9S4 

0 091 

0 993 


0 2 

1 

194 

0 20 

0 492 

0 495 

0 496 


0 5 

2 

395 ' 

0 45 

0 231 

0 217 

0 212 

Butanol -benzjd alco- 

0 1 

1 

41 , 

0 03 

0 996 

0 998 

0 993 

hol-watcr jj 

0 2 

1 

62 

0 05 

0 504 

0 503 

0 502 


0 5 

2 

79 

0 07 

0 244 

0 224 

0 216 


* Approximate 

t To bo divided by the calibration factor of the pipette 

f The small loss from water samples is subtracted from the loss uith organic sol- 
vent samples m the calculation of approximate volume change 
^ Butanol -u ater containing 150 cc of water per liter = 0 S3S) 
tl Butanol-benzyl alcohol-water 1 1 0 288 by volume (d*® = 0 936) 

tive yields of coloz listed in Table II, give satisfactory results for most of 
the ammo acids in these solvents, if an accuracy greater than ±5 per cent 
IS not required The color yields given in Table II and the factors listed 
m Table III may also be used for approximate results with othei solvents 
that may be tiied ivith starch chromatograms Under such ciicumstances, 
the factois given m Table III for water or the butanol-benzyl alcohol sol- 
vent may be used for relatively non-volatile solvents, and the butanol 
factors for volatile solvents 

However, for accurate quantitative work with those solvents which are 
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selected as optimum for chromatographic analyses, the exact degree of 
evaporation must be determmed expenmentally, and the color yields ob- 
tained from a given amino acid must be checked by the user with standard 
solutions made up in the orgamc solvent As may be seen from Table IV, 
the yields thus obtamed may differ by a few per cent from the \ alues ob- 
tamed ivith aqueous samples given m Table II The yields should be 
determined on the same size of sample bemg used in the chromatographic 
expenments, although no differences have been observed between 0 1 cc 
and 0 5 cc samples m the solvents studied thus far For accurate work 
with solvents other than water, therefore, the concentration of amino acid 
given in Table I is multiphed by the appropnate factor from Table III and 
divided by the appropnate color yield from Table IV 

Table IV 


Color Yields from Amino Acids in Organic Solvent Solutions on Molar Basis Relative 

to Leucine in Water 

Determined on 0 1 CO toOSec samples, heating time, 20 minutes 


Ammo acid 

1 

1 Color yield 

Butanol water solvent 

Butanol ben^l alcohol water 
solvent 

Leucine 

0 99 

1 01 

leoleucme 

1 00 

1 03 

Phenjlalanme 

0 85 

0 86 

Tyrosine 

0 86 

0 87 

Methionine 

1 00 

1 01 

Valine 

1 01 

1 03 


The factors given in Table III and the color yields listed in Table IV are 
fully reproducible nhen once determmed under given expenmental con- 
ditions Except with NHj and tryptophan, it is not necessary to run con- 
trols with each batch of analyses If this were not the case, the application 
to chromatography would be rendered unduly complicated by a need for 
repeated controls An occasional check on the recovery of leucine from a 
knoMTi solution serves to confirm the reproducibility of the procedure 
The calculation of the recovery of leucine from a synthetic mixture vliich 
has been subjected to chromatographic analysis is given in Table V Suit- 
able data sheets are mimeographed to facilitate the handling of the results 
In this example, the automatic fraction collector has been used wnth a 
column 0 9 cm in diameter to delnmr approximately 0 5 cc samples directly 
to photometer tubes 

When aliquots are pipetted for analysis from larger effluent fractions, 
the summations of the uncorrected milhmolar concentrations are multi- 
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Table V 

JDafa Shed, Detcrmnaiion of Lextcinc 


Solvent 1 1 0 288 butanoI-benz 3 'l alcohol-Bflter, ninbydnn solution, 2 cc , 
fraction collector, 25 drops = 0 504 cc , entire fraction analyzed, Bavo-lenglli, 570 
niM, readings recorded as optical density X 100 


Fraction No 

Volume of diluent, S cc 

Volume of 
diluent, 10 cc 

Volume of 
diluent, IS cc 

Uncorrccted 
ammo acid 
conccntrationf 

Read against 1 1 
vater propanol 

Read against 
blank fraction* 






myj 

11 

22 0 

0 

0 

0 


13 

22 2 

0 




15 

21 1 

-1 




35 

22 0 

0 



1 

36 

22 0 

0 

1 


! 0 00 

37 

23 5 

1 5 

I 


0 03 

38 

29 0 

7 0 



0 14 

39 


24 



0 47 

40 


67 


1 

1 12 

41 


100 

62 


2 22 

42 


140 

90 


3 33 

43 


150 

102 

81 

4 30 

44 


130 

84 


3 OS 

45 


77 



1 54 

4b 


28 



0 55 

47 

28 5 

6 5 



0 13 

48 

22 0 

0 



0 00 

49 

22 5 

0 5 




50 

22 0 

0 





Integration Fraction 43 4 30 X 0 216 X 0 5}:= 0 464 

Sum of Fractions 41, 42, and 44 S 63 X 0 224 X 0 6 = 0 967 
“ “ « 37-42. and 46-47 3 98 X 0 244 X 0 5 = 0 4SG 


Total = 1 917 micromoles 

Correction for color yield from leucine in this solvent, 1 917/1 01 = 1 898 micro- 
moles = 0 249 rag of leucine 

Leucine added, standard aqueous solution of a mixture of amino acids 40 raw 
v.ith respect to leucine, 0 495 cc (0 5 cc pipette, delivery 99 per cent) diluted to 5 00 
cc and0 4S5cc (0 5cc pipette, delivery 97 per cent) placed on the column in butanol- 
benzyl alcohol Theoretical yield « 1 920 micromoles = 0 252 mg , recovery = 
98 8 per cent 

* Fraction 11 

t From the expanded form of Table I 

J If 0 5 cc samples are pipetted, the factor becomes 0 216 X (volume of effluent 
fraction)/ (pipette calibration factor) 


phed b}’’ the appropriate factois from. Tablo III and by the exact volume 
of an effluent fraction to give micromoles of aimno acid When the whole 
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fraction is analyzed, as in this example, the sample volume is equal to the 
volume of an effluent fraction, and the two terms cancel out At large 
ef&uent volumes, when the peaks cover twenty or more fractions, integra- 
tions can be obtamed from the analysis of every second fraction 

In order to obtain a graphic picture of the fractionation, the uncorrected 
millimolar concentrations are used directly for preliminary plottmg of 
effluent concentration curves The graph gives information on the sym- 
metry of the curves and the degree of fractionation The curves are plotted 
before decision is made on the division of the peaks for integration For 
pubhcation, the curves m the precedmg paper (1) have been replotted, each 
point bemg corrected to “leucine equivalents” by means of Tables I and 
III When the peaks are completely separated, the curves could also be 
corrected for color yield, but m the case of mcomplete separation of the 
components, this is not possible In the preceding paper (1) the method 
IS given for the calculation of the amounts of each component in a senes 
of partially overlappmg peaks 

Accuracy — ^When the cahbrations have been carefully made both for the 
pipettes and the photometer tubes, the readings on 0 2 micromole of an a- 
NH 2 acid can invanably be reproduced to within 0 02 optical density unit, 
corresponding to an accuracy of about 2 per cent In the chromatographic 
analyses, it is necessary to work, m part, below this optimum concentration 
range In a large senes of chromatograms, mtegration of the effluent 
curves has given recovenes of 100 ± 3 per cent, under favorable conditions, 
and 100 ± 5 per cent for peaks markedly below the optimum average con- 
centration (1) 

Reaction with Proline and Hydroxyprohne — ^The preceding method can 
be used for the determmation of prohne and hydroxyprohne by measunng 
the yellowish red products of the reaction at their absorption maximum of 
440 my However, the optical density readings are only one-fourth and 
one-seventh, respectively, of those obtained ivith eqmmolar solutions of the 
a-NHz acids The color development is only 80 to 90 per cent complete in 
20 mmutes at 100° Standard curves can be prepared for prohne and 
hydroxyprohne with a 30 or 40 minute heating penod In the chromato- 
graphic analysis, the tubes are usually heated for only 20 minutes along 
with the rest of the effluent samples As a first approximation, milli- 
molar concentrations can be calculated from Tables I and HI, just as in 
the case of readmgs at 570 my, and the values can be converted to prohne 
by multiplying by the factor 3 7 and to hydroxyprohne by multiplj ing by 
the factor 7 2 The measurement of prohne by the mnhj'dnn reaction is 
of course possible only nhen this amino acid is completely separated from 
the other anuno acids, as it frequently is on the starch chromatograms 
On the other hand, in luen of their low absorption at 570 my, small amounts 
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of prolme and hydro\yproline can be piesent simultaneously with a-NH- 

acids inthout giving significant interference 

Rcadion mfh NHz— In the oxidative deamination of ammo acids by 
mnhydnn, 1 equi\ alent of the leagent is reduced in the couisc of the fonna- 
tion of diketohydiindylidene-diketohydnndamine (9) If oxygen could be 
completely eliminated by evacuation of the system, the maximum color 
yields vould be obtained from amino acids without the addition of any 
further source of reduced ninhydrin The jneld from NHj under these 
conditions would be low, since, of itself, NHa does not give rise to the re- 
duced ninh 3 '’drm which is essential for the formation of the colored complex 
This accounts for the fact that NH 3 does not icact positively in a number of 
the colorimetric ninhj’^drin procedures that have been used (4, 5, 7) When 
hj’^dnndantin exists preformed in the reaction mixtuie, however, as it does 
in the present procedure, the coloi jneld fiom NH 3 is in the same range as 
that from the ammo acids In contrast to the ammo acid reaction, which 
IS independent of the concentration of hydnndantm above a certain mini- 
mum level, the color yield from NH 3 increases with the h 3 ’’diindantin con- 
centration With the leagent solution used m the piesent piocedure, the 
color 3 oeld from NH 3 reaches about 90 per cent of its maximum ^alue 
Since different batches of leagent solution may vary somenhat in hydrin- 
dantin content, a contiol determination on a Icnovm NH 4 CI solution must be 
run snnultaneously if it is desired to obtain accurate values on NH 3 solu- 
tions by the photometric mnhydnn method 

Expenments on Color Development 

Isolation of Diketohydnndyhdcne-DiLetohydnndavnnc — ^The product of 
the reaction of ninhydim with glycine at pH 5 uas prepared m ordei to 
compare its absorption spectrum with that of the unfractionated leaction 
mixture obtained in the ninhydrm analysis 
The ammo acid (75 mg ), dissolved in 10 cc of watei, was heated for 20 
minutes at 100° with 700 mg of nmhydiin dissolved in 20 cc of citrate 
buffer, pH 5 (0 2 m) The pioduct (245 mg ) which ci 3 '^stalhzed from the 
cooled solution coiiesponded to 75 pei cent of the theoretical 3 ’'ield of the 
sodium salt of diketohydrindylidene-diketob 3 ^drmdamme The same pro- 
cedure carried out with the peptide leucylgl 5 ’’cine (188 mg ) gave the same 
product in 40 per cent yield For analysis the sodium salt (50 mg ) was 
reciystalhzed from about 15 cc of hot 1 1 water-n-propanol 

CisHaO<NNa (325 2) Calculated C 66 5, H 2 5, N 4 3, Na 7 08 

Prepared from glycine Found “ 66 2, “ 2 6, “ 4 4 “7 07 

“ " leucylglycme “ " 66 6, “ 2 o’ ” 4 3] “ 6 94 

Absorption Spectra The absorption cun'-es have been deteimined with 
0 1 cc samples of 2 mM aqueous ammo acid solutions The final vol- 
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ume of tlie reaction mixture was 6 10 cc m photometer tubes of 16 25 nun 
mner diameter In Fig 2 the curves for leucme, senne, and ammoma are 
compared with the absorption spectrum obtamed from an equimolar solu- 
tion of the crystallme sodium salt of diketohydrmdylidene-diketohydrind- 
amme The solution was prepared by dissolvmg 1 065 mg of the sodium 
salt m 100 cc of a mixture of the nmhydrm solution and the propanol- 
water diluent m the proportions of 1 10 and was read against this solvent 
as the blanlc The absorption spectra support the conclusion that the 
a-NHj acids and ammoma yield diketohydrmdylidene-diketohydrmdamme 



Fig 2 Comparison of the absorption spectrum of diketohydnndyhdene dikcto 
hydrmdamine with the spectra obtamed after the reaction of mnhydrm n ith equi- 
molar amounts of leucine, serine, and ammonia 

under the conditions of the determination The curves obtamed mth the 
other a-NHj acids, except cysteme, and with peptides, are similar to those 
shoivn in Fig 2 The major end-product is the same in all cases, exhibiting 
an absorption maximum at 570 mfi The differences in the color intensities 
obtained ivith the mdividual ammo acids anse from vanations in the yield 
of this product Relative to leucine, the reading of the pure sodium salt 
corresponds to a color yield of 1 07 (Table II) On this basis, leucine 
yields about 93 per cent of the theoretical amount of this product The 
yields for phenylalanme and glutamic acid, for example, are 82 and 98 per 
cent 
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Color development with nmliydrm is not specific for ammo acids, smce 
a variety of primary amines and some secondary amines will give signifi- 
cant amounts of coloi The stiucture of the end-products in these cases 
remams to be determmed The absorption curves obtained with histamine 
and with the N-methyl-substituted ammo acid, sarcosine, are given in 



Fig 3 Absorption spectra obtained after the reaction of mnhydnn with sarcosine 
and histamine 



Flo 4 Absorption spectra obtained after the reaction of ninhydrin with proline, 
h} droxwproline, and cysteine 

Fig 3 Both compounds yield pioducts mth absoiption maxima at 570 
ma 

Cysteine, which has been mentioned as an exception to the general re- 
action of the a-NHa acids, gives an absoiption cuive which is somewhat 
similai to that obtained with prolme and hydroxypi oline (Fig 4) Neutral 
cysteine solutions, after standmg for 24 to 48 hours, give the same color 
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yield as cystine, with maximum absorption at 570 mji It is possible that the 
small amount of absorption m the range of 570 mu observed with fresh solu- 
tions of cysteme may be attributed to the presence of some cystme m the 
reaction mixture The compounds yielded by the prolines imder these 
conditions presumably correspond to the structures assigned by Grassmann 
and von Amim (12) 

Vanation of pH — The variation of color yield with the pH of the aqueous 
citrate buffer is shown m Fig 5 The absorption maximum for the a-NHj 
acids 13 at 570 mft over the pH range studied The maximum color yield from 
leucme is obtamed at pH 5, which has been chosen for the general procedure 



Fig 6 Effect of pH on the intensity of color obtained after the reaction of nin 
hydrin ivith ammo acids and ammonia 

The pH optima for the other a-NHj acids fall close to this value, with the 
exception of tryptophan which gives a maximum jneld at pH 6 For 
most of the amino acids, a change in pH of 0 1 unit at pH 5 0 introduces 
less than a 1 per cent deviation in the optical density readmg 
Rate of Reachon — ^The rates of color development have been determined 
for representative a-NHj acids over a range of pH from 4 to 7 In all 
cases, at 100° the reaction was complete m less than 20 mmutes The 
color yields were unaltered by an mcrease m the nmhydnn concentration 
This result parallels the observations on the heating periods required for 
the complete liberation of CO 2 from ammo acids at a nmhydnn concentra- 
tion of 20 mg per cc m the gasometnc method of Van Slyke, Dillon, Mac- 
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Fadyen, and Hamilton (13) A more detailed study of the rate of color 
de^ elopment has been made at pH 5 Constant readings are obtained with 
leucine m 5 minutes and with alanme m 10 minutes The reaction with 
glycylphenylalanme and glycylleucine is complete in 20 minutes On the 
other hand, phenylalanylglycme and leucylglycme reach only 90 per cent 
of completion in this time Primary amines, such as ethylamine and eth- 
anolamine, react still more slowly The time of 20 minutes has been chosen 
as a heating peiiod which gives constant leadings mth all of the a-NIIs 
acids and can be expected to give reasonably high readings with most 
peptides possessing a free NHo group 

Temperature — The color yields are lower if the reaction is earned out at 
temperatures below 100° For leucine, isoleucme, tyrosine, and phenyl- 
alanine, the optical densities were 4 per cent lower when the analysis was 
earned to completion in a water bath maintained at 95° 

Slabihty of Color — ^The late of fading of the blue coloi is illustrated by the 
following average leadings obtained on leucine samples at the specified 
times aftei removal of the photometer tubes from the heating bath 15 
minutes 0 835, 30 minutes 0 830, 45 minutes 0 835, 60 minutes 0 835, 
hours 0 815, 2| hours 0 810, 4 hours 0 795, 5) hours 0 785, and 22 hours 
0 710 Thus, the color is stable for about 60 minutes, after which time 
there is a gradual fading, avei aging approximately 1 pei cent per hour 
The end-product is not highly sensitive to oxidation by air, nhereas, as 
noted below, an intermediate m the reaction appears to possess much 
greater sensitivity 

In early experiments, water was used as the diluent and marked fading 
was noted as a result of precipitation of the sodium salt of diketohydrmdyli- 
dene-dikctohydimdamine The use of 1 1 water-n-propanol as the diluent 
serves to keep the relatively insoluble reaction pi oduct in solution 

Effect of Stannous Chloride When 2 mM leucine samples are analyzed 
mth a nmhydnn solution from ivluch the stannous chloiide has been 
omitted, the color jueld is about half that obtained in its piesence At 
lowei leucine concentrations the percentage deciease in jneld is greater 
By carrying out the reaction in vessels evacuated to 20 to 30 mm , as is 
done in the gasometne ninhydrin method (13), the coloi jneld from 2 0 
mM leucine solutions can be laised almost to the maximum i'’alue At 
a leucine concentration of 0 05 mM, however, the results still i un about 10 
per cent low 

The fiist tiials on the bloclang of the oxidative side reaction by the ad- 
dition of a reducing agent to the nmhydnn solution were made until hy- 
diindantin Consistent results were obtained at a hydnndantin concentra- 
tion of 1 mg per ce The color yields weie unaltered by a 4-fold increase 
m this concentration Since hydrindantm can be prepared by the action 
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of stannous cHonde on ninhydnn, the addition of stannous chlonde directly 
to the reagent solution was tned and found to give the same results How- 
ever, the presence of hydnndantm, which is highly insoluble m water, re- 
quired the addition of an organic solvent which would keep this compound 
m solution dunng the course of the reaction and durmg storage of the re- 
agent solution Among the solvents tested, methyl cellosolve had the 
highest solvent power for hydnndantm The solvent mixture chosen (1 1 
water-methyl cellosolve) does not evaporate m the water bath at 100“ and 
does not precipitate sodium citrate from the buffer 

STJMMART 

The reaction of ninhydrm with NHj groups to give diketohydrindylidene- 
diketohydrmdamme has been utihzed as the basis for a photometric deter- 
mmation of ammo acids and related compounds in effluent samples from 
starch chromatograms The color yields have been rendered fully repro- 
ducible by the mcorporation of hydnndantm or stannous chloride m the 
reagent solution to eliminate oxidative side reactions Although the color 
3ueld from a given ammo acid is constant, the different ammo acids do not 
all give the same percentage yield of the blue product This fact does not 
prevent the accurate use of the method m chromatographic work m those 
cases in which the mdividual ammo acids are separated from one another 
by the fractionation process 

Color development is obtamed with a vanety of compounds containing 
NHj groups, including ammo acids, peptides, primary amines, and am- 
monia For chromatographic work, the generality of the reaction extends 
its usefulness For work with unfractionated biological material, the lack 
of specificity is a disadvantage 

The reaction is carried out at pH 5 and 100“ The absorption maximum 
of the blue product is at 570 m/i On individual ammo acids the accuracy 
IS 2 per cent for samples m the range of 2 5 7 of a-NH2 nitrogen The me- 
chanics of the procedure have been developed to permit the anal3’’sis of 
a large number of samples on a routme basis 

The authors -wish to acknowledge the assistance of Miss Enid Mellquist 
and Mr Anton Homicek m the performance of this work 
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OXIDATION OF GLUCOSE LABELED WITH RADIOACTIVE 
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The nature of the metabohc defect m diabetes has been vigorously de- 
bated for well over 30 years, but despite the interesting new hghts shed on 
it during the past few years (1, 2) rigid proof as to whether the derange- 
ment m this disease results from an unpaired capacity of the diabetic am- 
mal to convert glucose to CO 2 is still lacking With the mtroduction of 
isotopic carbon, it became possible for the first time to study the direct con- 
version of carbon-containing compounds to CO 2 We wish to report here 
observations deahng with the fate of the carbon of administered radio- 
glucose in normal and alloxan-diabetic rats The evidence obtained mdi- 
cates that the over-all rate of oxidation of glucose by the alloxan-diabetic 
rat need not differ sigmficantly from that m the normal rat 

EaCPERIMENTAL 

Production and Care of Diabetic Rats — ^The first five rats (Table I) were 
injected intrapentoneally with a 2 per cent aqueous solution of alloxan 
A single injection of 200 mg per kilo of body weight was found effective in 
producing glycosuria and at the same time kept mortahty at a minimum 
However, the intrapentoneal route of administration produced adhesions 
in the abdoimnal cavity, and for this reason the alloxan was injected intra- 
venously in the other ammals A dose of 50 mg of alloxan per kilo of body 
weight, admimstered as a 5 per cent solution m isotomc saline, was used 
for intravenous purposes Higher dosages resulted m undue mortahty, 
whereas lower doses frequently failed to induce diabetes 

The ammals were kept in individual cages in a warm room The stock 
diet (which consisted of 68 5 parts of wheat, 5 of casein, 10 of fish meal, 
1 5 of salt, 5 of a fish oil, and 10 of alfalfa) was supplemented twice v eekly 
ivith lettuce 

Urine was collected daily and preserved mth toluene Glucose m unne 
was determined on the day of collection by oxidation vith potassium fem- 

* Aided by grants from the American Cancer Societj (recommended bj the Com 
mittee on Grow th of the National Research Council) and the Sugar Research Founda 
tion, Inc 

t Fellow of the \mencan Cancer Society 

t United States Public Health Fellow 
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cyanide and subsequent titration ynth cenc sulfate (3, 4) Blood glucose 
was determined by the same method on an aliquot of a protein-free filtrate 
prepared wth ZnS 04 and NaOH (5) The last traces of zinc were removed 

by the addition of sodium carbonate ' 

The duration of diabetes, degree of glycosuria, and weight changes that 
occurred in the mne diabetic lats used in this study are recorded in Table I 
Preparation of C^^-Labeled Ghicose^C^-labeled starch and glucose were 
isolated from tobacco leaves which had been illuminated in the presence 
of Labeled glucose was then obtained by acid hydrolysis of the starch 

and by fractional crystallization of the soluble sugars as described by 


Table I 

History of Diabetic Rats 


Rat No 

Route of alloxan admin- 
islraUou 

1 

! 

Duration 

oS 

diabetes 

bekrc 

experi 

ment 

Sugar crctetion 

Weight 

Average 

volume 

of 

urine 

per 

day 

Man 
mum 
per 24 
brs 

During 
j experiment 

1 

Before 
ahoran 
: imec 

1 tion 

I 

On day 
of cx- 

1 

1 ment 

I 

Mini 

mum 

dunng 

dia 

1 betic 
Stole 




fim 

hrs 

, gm 

gm 

1 S>« 


cc 

D3 

Intrapentoneal 


6 8 

6 

1 13 

195 

15S 

1 124 

1 60 

DG 

<< 

1 


6 6 

6 

0 36 

150 

150 

132 

50 

D20 

(f 


10 

48 

18 2 

300 

270 

1 22s 

1 120 

D23 

l( 

48 

11 

12 

2 45 


163 

1 160 

I 70 

D28 

(< 


7 6 : 


7 6* 

218 

212 

20s 

[ 50 

D40 

Intravenous 

14 

8 4 

12 

4 20 ! 

190 

174 

158 

50 

D4S 


25 

6 8 

1 

6 6* i 

1G8 

160 

152 

60 

D53 


20 

11 3 


11 3* 

262 

186 

186 

50 

DJ2 

ft 

14 

11 4 

46 

7 0 

200 

164 

129 

65 


* Rais so designated were nephrectomized, the amounts recorded were excreted 
during the 24 hours preceding ncplirectomy 


Putman et al (6) The purified radioglucose was dissolved in an isotonic 
NaCl solution and kept frozen (-18°) until just before it was injected 

Collection and Determination of Exhaled COs — Dunng the experiment the 
rat was kept m an all-glass cage which was ventilated continuously with 
COs-free an at 27-28° The air collected from the cage was passed through 
a column of caibonate-fiee NaOH (40 railhequivalents were used for each 
houi of CO 2 collection per rat) A porous glass disk at the bottom of the 
column sensed to bleak the stream of air into fine bubbles The apparatus 
was tested foi complete recovery of the expired CO 2 The rats had access 
to food and water at all times while in the cage 

' Kaplan, A , unpublished observations 

= Wc are indebted to Dr W Z Hassid for the samples pf photosynthetically pre- 
pared radioglucose used in this study 
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The NaOH-NasCOs solution was made to volume and the amount of 
carbonate determined by titration of two different aliquots with 0 1 n HCl 
One aliquot was titrated to a brom-cresol green end-point The value so 
obtained is a measure of the amounts of NaOH and NajCOj present To 
the other aliquot an excess of BaCU was added before titrating it to the 
phenolphthalein end-pomt, this titration value represents the amount of 
unused NaOH The difference between the two titration values, therefore, 
gives the amount of NajCOs that was formed dunng the collection of CO 2 
After centnfugation, the BaCOi precipitate was washed twice with distilled 
water and suspended in alcohol The precipitate was ground in a glass 
homogenizing tube, mounted on an aluminum disk, and its radioactivity 
determined after the manner described by Dauben et al (7) In general, 
each sample was counted for more than 3000 counts, the error of the count- 
mg was less than 2 per cent 

DetermmaUon of Radtoglucose in Urine Fermeniafion — A sample of 
unne buffered with phosphate at about pH 5 was incubated at 37° mth 
yeast (Torula monosa) The yield of COj evolved was improved by the 
presence of 10“’ m sodium azide (8) The carbon dioxide was collected in 
0 25 N banum hydroxide solution containing 2 per cent BaCh according to 
Van Slyke and Folch (9) The precipitate of banum carbonate which 
formed was treated as descnbed for respiratory COj The total amount of 
C'^-labeled glucose excreted m unne was obtained from the specific activ- 
ity of Its banum carbonate precipitate and the total unnary glucose from 
its reducing value 

The validity of the fermentation procedure was tested on a sample of 
3 ,4-C’Mabeled glucose This glucose was prepared by a modification of the 
method of Solomon ef al (10) as follows A 200 gm rat was fasted for 24 
hours 340 mg of Na lactate’ were administered by stomach tube 1 
hour later the animal was injected intraperitoneally with 1 milhcune of 
NaHC^Oj contamed in isotonic NaHCOj 2 hours after the administra- 
tion of the labeled NaHCOs the animal was sacnficed and glycogen isolated 
from its liver (13) Glucose was obtained by hydrolyzing the isolated 
glycogen for 3 hours with 0 6 N HCl 

According to Wood el al (14) all the C'* atoms in this glucose are in the 
3 and 4 positions Our finding that the specific activity of the C'^0; pro- 
duced by fermentation was 3 times as high as that of the CO? vhen the 
whole glucose molecule was oxidized seems adequate evidence that the 
fermentation mth Torula monosa is a reliable method for the detemunation 

’ The amount of lactate administered nas based on earlier observations of Con 
and Con dealing with liver gljcogen formation from lactic acid (11) It was found 
in the laboratory that during the first 6 hours glj cogcn is deposited at a uniform rate 
in the liver of the 24 hour fasted rat fed lactate Liver glj cogcn was determined bj 
the method of van Wagtendonk (12) 
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of the specific activity of both caibon atoms 3 and 4 of the glucose mole- 
cule 

Isolation of Osazone — ^The glucose content of a sample of mine was de- 
termined, and foi each gm of glucose piesent 10 gm of phenylhydiazme 
hydrochloride and 15 gm of sodium acetate tiihydiate were added The 
mivture was heated on a steam bath foi 1 5 houis and then kept at 4° for 
appio\imately 12 hours The mixture was centiifuged, and the osazone 
ciystals obtained were washed seveial times ivith distilled water The 
crystals weie next dissolved in hot 50 pei cent alcohol, and insoluble mate- 
rials present lemoved by filtiation through a steam jacket Buchnei funnel 
The glucosazones weie allowed to ciystalhze at 4° and then diicd in a 
vacuum desiccator ovei CaCb 

The glucosazones were oxidized by heating them with a chi oraic-sulf uric 
acid mixture, accordmg to Van Slyke and Folch (9), and the caibon dioxide 
evolved was tiapped in a mixtuie of 0 25 n barium hydroxide and 2 per cent 
banum chloiide and treated as described above 92 to 93 pei cent of the 
osazone carbon was recovered as barium cai bonate The ban um carbonate 
was mounted on an aluminum disk as described above, and its ladioactiv- 
ity measured The measuiement of the radioactivity of the glucose is 
much more tedious by this method than by the fei mentation piocedure 
Furthermore, the counts per mg of BaCOj obtained by tlie osazone pro- 
cedure suffei a 3-fold dilution by the phenylh 3 ’-drazine caibon 

Tables III and IV show that the values obtained for radioglucose by the 
two methods (osazone and fermentation) aie in faiily good agieement 
This agieement implies that the specific activity of the 3rd and 4th carbons 
of the glucose molecule is approximately equal to that of the other caibons 
This IS important since it excludes the possibility that the expired is 
derived only from one or two specific caibons of the glucose chain 

Results 

Convcision of Radioglucose to COo hy Normal and Diabetic Rats 

Noimal Rais — ^Rats Nl and N2 leceived intiaperitoneally 100 mg of 
ladioglucose (Table II), whereas Rats 3 to 5 weie injected intiaperitoneally 
with 1 gm of labeled glucose per kilo of body weight The amounts of 
radioactive CO 2 recovered m the expiied an of each lat aie recorded m 
Table II During the first 4 houis, the administered labeled glucose wms 
lapidly oxidized by the noimal rat By the time 6 hours had elapsed, 
40 to 60 per cent of the administered C“ was recovered m the expired COo 
Although in 6 hours Rat N2 eliminated as COo as much as 55 per cent of the 
radioglucose that it received, only an additional 11 per cent was recoveied as 
expired ladioactive COo during the next 18 hours The moie lapid convei- 
sion of the admmistered labeled glucose to CO2 during the eaily mteivals 
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means, of course, that at these times the animal’s labeled glucose pool had 
a high specific activity and that at the later intervals this had been diluted 
by unlabeled glucose denved either from the diet or from endogenous 
sources 

Diabetic Rais — At the time radioactive glucose was mjected, diabetes 
had existed in the animals used foi penods varying from 10 to 48 days 
(Table I) The rats displayed such mamfestations of diabetes as poljuina, 
glycosuria, polyphagia, and weight loss Each rat excreted from 50 to 120 
cc of urine pei day The amount of glucose excreted was, of course, not 
constant from day to day The maximum found before the adnunistra- 
tion of radioglucose amounted to 11 gm per 24 hours 

Table II 


Oxidation of Intrapcritoneally Injected Radioglucose to CO- by Normal Rats* 


Rat No 

Weight 

Radioglucose 
injected intra 
pentoncaUy 

Per cent of administered glucosef converted to COa at end of 

2 brs 

4 hrs 

6 brs 

12 brs 

24 brs 


tm 

frtg 






N1 

172 




56 



N2 

250 


27 6 

48 4 

55 

61 6 

65 7 

N3 

230 

230t 



56 7 

63 3 


N4 

270 

270t 



45 9 

53 6 


N5 

280 




39 4 

49 6 



* The rats had access to food throughout the period of observation 
t The administered glucose contained 1 to 2 million counts per minute 
t Equivalent to 1 gm per kilo of body weight 


In contrast to the normal rat, which had converted approximately 40 to 
60 per cent of the administered glucose to COj m 6 hours, the five diabetic 
rats used m this study (Tables III and IV) oxidized only 11 to 24 pei cent 
of the injected labeled glucose in 6 hours An exanunation of the unne 
revealed, however, that most of the administered radioglucose vas not 
available for oxidation but had been excreted Thus Rat D20 excreted 
more than 60 per cent of the admmistered glucose in the first 12 hours 
after its injection (Table III) Little more radioglucose was excreted m 
the next 36 hours This does not mean that the rat did not continue ex- 
creting glucose, but rather that after 12 hours the specific actmty of the 
body glucose had dropped to low levels In 6 hours the other four rats 
(Table IV) excreted from 30 to 45 per cent of the labeled glucose thej' had 
recen ed intraperitoneally 

Calculation of Rate of Glucose Oxidation 

' From the amount of C'^0: expired dunng a gl^ en intcn al after the in- 
jection of the radioglucose, it is possible to obtain an approximate i alue for 
the amount of plasma glucose that had been oxndized dunng that intcn al 
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Table III 


Oxidation of 100 Mg of Iniraperitoncalhj Injected Radioglucosc brj DtahcLtc Rat D20 


Interval 

Total glucose 

Radioglucose, per cent 
of injected dose deternuned 
by 

Specific 
activ ity* of 
uiinary 
glucose X lO’ 

Expired C"Oj, 
per cent of 
administered 
glucose t 

1 

Glucose 0 X 1 
dizcd 

j 

Fermentation 

Osaione 

hrs 

fits 



I 


mj per hr 

0- 2 

775 

49 3 

43 1 

' 60 

6 6 

55 

2- 4 

613 

11 0 

9 7 

20 

3 3 

82 

4- e 





1 5 


4-12 

2,260 

3 3 

5 0 

1 9 

i 


6-12 

j 


i 


2 1 

1 


12-24 

5,350 

0 7t 

t 

0 13 

1 0 ‘ 


24-48 

9,300 

X 

t 


0 7t 


Total 

18,200 

64 3 



15 2 



* The specific activity is expressed as the per cent of the injected C'^ per mg of 
glucose The values are based on averages between fermentation and osazone 
t The injected dose contained 1,800,000 counts per minute 
I The sample counted less than 1 2 X background 


Table IV 


Oxidation of Inlraperitoneally Injected Glucose bij Diabetic Rats DS, DO, DBS, and D 40 



1 

1 Weight 

Radio- 

glucose 

injected 

Urinary glucose j 

Expired C"Ot, 
pier cent of 
ndministered 
glucose* 

1 

^ Glucose 

Otl 

1 dized} 

Total 

Radioglucosc per cent 

0 / injected 
dose* determined by 

Specific 
nctivitj t of 
urinary 
glucose X 

10' 

6 brs 

1 

2nd 
. 6 hrs 

Fermentation 

Osazone j 

' 

1st 
j 6 hrs 

1 

2nd 

1 6 brs 

1 

1st 

6 hts 

1 

2nd 

6 hrs 

1st 

6 brs 

2nd 

6 hts 

; 1st 

1 6 brs 

2nd 

6 brs 


gm 

ms 

m 
























per hr 

D3 

158 




34 


36 8 


31 


23 


122 

DO 





46 


44 5 


125 


24 


32 

D23 

163 

I63§ 

379 


30 

13 5 



79 


15 

3 7 

32 

D40 

174 

174§ 

|l360 




45 7 

3 0 

34 

1 1 

17 5 

1 S 

S7 


* The administered glucose contained 1 to 2 million counts per minute 
t The specific activity is expressed as the per cent of the administered C** per mg 
of glucose 


J These values are determined from the specific activity of the urinary glucose and 
the expired C'*Oj during the first 6 hours of the experiment 
§ The glucose injected equals 1 gm per kilo of body weight 

To make such a calculation, we used the average specific activity of 
plasma glucose during the period under consideration But we have to be 
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reasonably certain that the expired C“Oa is denved only from labeled 
glucose, as a rule, this will be true only dunng the early intervals after the 
injection of radioglucose when httle or none of it has been converted to 
other compounds 

To determine the specific activity of plasma glucose, an aliquot of the 
plasma sample was oxidized and its total radioactivity determined as 
BaCOs, whereas on a different ahquot of this same plasma the glucose con- 
tent was determined from its reducing value In the diabetic ammals we 
were able to check this procedure by demonstrating that the specific 
activity so obtained was equal to the specific activity of the urmary glucose 
This IS shown in Fig 1 



Fig 1 Changes with time in specific activity of urinary and plasma glucose of 
Rat DJ2 The ordinate scale is logarithmic O plasma glucose, • urine glucose 

Values for specific activities of plasma and urmary glucose of two dia- 
betic rats (Rats DJ2 and D20) are presented in Figs 1 and 2, here the 
values are plotted agamst time on semilog paper This plot was found to 
be a straight hne dunng the first 6 hours (15) Dunng the interval from 
0 to 2 5 hours the average specific activity of plasma glucose, expressed as 
a percentage of the injected dose per mg of glucose, is approximately 
6 X 10“® (see Fig 1) The amount of exhaled dunng that inteixml 
was approximately 6 per cent of the administered radioactmty Therefore, 
the amount of glucose oxidized m this penod is equal to 6/ (6 X 10~") = 100 
mg or 40 mg per hour The same calculation for the intenml from 2 5 to 
4 hours, in v hich 2 per cent of the mjected dose was exhaled, gn cs an oxi- 
dation of 50 mg of glucose per hour 





Fig 2 Changes with time in specific activity of urinary glucose of Rat D20 (sec 
Table III) 


Table V 

Rate of Oxidation of Glucose by Normal Rats 


Each rat was injected intrapentoneally with IS mg of labeled glucose 


Rat No 

Weight 

C'*Oj collected 

Plasma glucose 

Glucose 

oxidized 

Interval 

Per cent 
of miccted 
dose* 

Time after 
injection 

Specific 
nctiv ityt 
X10> 


i 



hrs 

1 

ng per hr 

NJl 

220 


13 6 


t 

50 




10 6 

1 

20 S 

66 




6 5 

3 

6 9 

40 




1 84 1 

6 

4 6 


NJ2 

242 


8 76 


t 

32 



1-2 

9 0 

1 

19 

69 



2-4 

5 25 

3 

4 1 

64 



4-6 

2 73 

6 

4 1 


NJ3 

250 

0-1 

7 93 


t 

2S 



1-2 

14 1 

1 

21 8 

85 



2-3 

4 63 

3 

7 6 

48 


* The injected glucose contained 1,600,000 counts per minute 
t The specific activity is e\pressed as the percentage of the injected per mg o: 
glucose 

t The average specific activity of plasma glucose was obtained by e\trapoIatior 
(see the te\t) 
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The values obtained by this type of calculation for the amounts of glu- 
cose oxidized per hour by normal rats are recorded m Table V and by 
diabetic rats m Tables III and IV The range of values calculated for the 
normal rat was similar to that found for the diabetic 

Comparison of Ability of Nephrectomized Normal and Nephrectomized 
Alloxan-Diahetic Rats to Convert Radioglucose to CO 2 

Smce the diabetic rat excreted a good portion of the admimstered glucose 
m the unne, the amount of C^^Oi exhaled, as noted above, provided no 
basis for comparmg the capacities of normal and diabetic rats to oxidize 
administered glucose To prevent loss of glucose by this route, radio- 

TABan VI 

Conversion of Intravenously Injected Radioglucose to COt by Nephrectomised Normal 
and Nephrectomized Alloxan-Diabetic Rats 


Each rat received 1 gm of labeled glucose per kilo of body weight 


Rat No 


Weight 

Per cent ot admimstered glucose* recovered as 

COj for each interval 

Blood sugar 


0-0 5 hi 

0 5-1 
hr 

1-2 

hrs 

2-4 

hrs 

4h5 

hrs 

Entire 

6Ius 

eipenment 

Normal 

N6 

tm 

180 

67 

6 3 

8 0 


3 9 

36 9 

me fer cent 

131 

(( 

N7 

172 

2 7 

4 7 

6 0 

12 3 

3 9 

29 6 

157 

<€ 

N8 

202 

3 9 

4 4 

8 7 

15 6 

3 3 

35 9 

125 


N9 

174 

6 6 

4 8 

8 5 

16 7 

3 6 

39 2 

138 

Diabetic 

D28 

212 

0 42 

1 4 

45 


9 4 

26 2 

700 

(C 

D48 

160 

2 2 

6 9 


13 7 

7 8 

39 6 

870 

<( 

D53 

186 

0 57 

2 1 

4 3 

114 

75 

25 9 

1060 


* The administered glucose contained 1 to 2 million counts per minute 


glucose was mjected intravenously into rats 15 mmutes after they had been 
subjected to bilateral nephrectomy Each rat received 1 gm of glucose 
per kilo of body weight This dose was selected because it was large enough 
to yield similar initial values for the specific activities of circulating glucose 
in both normal and diabetic rats In other words, this dose minimized the 
differences in plasma glucose between the normal and the diabetic rats at 
the very begirmmg of the experiment Data on the conversion of injected 
radioglucose to C “02 by the two types of rats under these conditions are 
recorded m Table AT 

Judging from the exhaled dunng the entire G hours, there appears 
to be no significant difference between nephrectomized normal and nephrec- 
tomized alloxan-diabetic rats in their abihty to oxidize the admimstered 
glucose It IS mterestmg to note, however, that m the early inten'als 
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two of the three diabetic lats exhaled less C’''02 than the normal ones, 
whereas at the later mteiwals (4 to 6 hours) the leverse was the case 

6 hours after the administration of the large dose of labeled glucose, 
namelj'- 1 gm pei lolo of body weight, the plasma glucose in the nephrec- 
tomized noimal rats had retuined to noimal levels or levels close to normal, 
the highest value obseiwed at the 6 hour mteiwal was 160 mg pel cent 
In the diabetic rats, on the other hand, plasma glucose of 700 to 1000 mg 
per cent was found when they were sacnficed 

DISCUSSION 

Normal rats injected intraperitoneally or intravenously wth amounts of 
glucose var3nng from 100 to 280 mg conveited 40 to 50 per cent of it to 
CO2 in 6 hours In the nephrectomized but otherwise normal rat, C“02 
appeared in the exlialed gas within the hrst half hour, and at the end of the 
1st hour nearly 10 per cent of the intravenously injected glucose was con- 
verted to CO2 These findings ai e in agi eement with the classical view that 
admimstered glucose is available for immediate oxidation by the ammal 
body 

In Older to compaie the rates of conveision of plasma glucose to CO2 by 
normal and diabetic lats, two methods of study were employed one was 
based on the C‘^02 evolved when a relatively large amount of labeled glu- 
cose was introduced intravenously into nephrectonuzcd preparation, m the 
second the amount of glucose oxidized in the intact lat was denved from 
measuiements of the C“02 evolved and of the specific activity of plasma 
glucose That the alloxan-diabetic rat can oxidize appreciable amounts of 
glucose cannot be doubted fiom the lesults obtained by the first method 
As judged by the C“02 eliminated during an entire 6 hour period of obser- 
vation, the amounts of administered glucose oxidized bj’- the nephrectomized 
normal and nephrectomized diabetic rats are of the same order The 
valves for glucose oxidation obtained by the second method icfei specifically to 
the convei sion of plasma glucose {and such glucose as exists in 1 apid equihbi turn 
with plasma glucose) to COz 

The inteipietation of oui findings is not mthout some difficulty The 
values for specific activity of plasma glucose aie based on two measure- 
ments, namely, (1) the total radioactivity of plasma, which we have as- 
sumed to be glucose at the early intervals, and (2) the total reducing value 
of plasma, which we have also assumed to be glucose The leliabihty of the 
specific activity measuiements for plasma glucose is shoum by the finding 
that in the diabetic rat the values obtained agieed unth those found foi the 
osazones prepared from urinary glucose In the normal rat itwas not possi- 
ble to make such a comparison The assumptions made in connection noth 
the specific activity would appear, however, to be well supported by our 
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observations in the nephrectomized rats, the finding that the over-all capa- 
city of the normal nephrectomized rat to oxidize glucose is of the same order 
as that of the diabetic involves none of the assumptions referred to above 

An mterference was observed m the oxidation of the injected carbohy- 
drate by the nephrectomized diabetic rat dunng the 1st hour, whereas at the 
later intervals the amount of produced by these rats was of the same 
order of magnitude as that produced by normal rats The interpretation 
of the results of the early mtervals presents some difficulties This phase 
IS bemg investigated further 

In order to mterpret the data presented here for the alloxan- 

treated rats, the degree of diabetes that existed m these rats must be eval- 
uated Postmortem exammation of their pancreases revealed massive 
necrosis of the islets It cannot be inferred, however, that the alloxan- 
diabetic rat is deprived of all msuhn-secreting tissue But even though 
the presence of some residual msuhn cannot be excluded m the diabetic 
rats used in this study, they nevertheless excreted, when fed, from 5 to 
11 gm of glucose daily and exhibited such manifestations of diabetes as 
polyphagia, polyuna, polydipsia, and loss of weight Another indication 
of the degree of diabetes in the rats used here is provided by the finding 
of values for plasma glucose of 700 to 1000 mg per cent 6 hours after ex- 
cision of their kidneys 


SUMMARY 

1 The rate of conversion of admimstered radioglucose to CO* was 
measured m normal and alloxan-diabetic rats 

2 appeared within the first 30 minutes m the expired air of both 
normal and alloxan-diabetic rats 

3 The amount of plasma glucose converted to COj was measured by 
two methods The first was based on the specific actmties of plasma glu- 
cose and the amounts of in the expired air, the second on the amounts 
of C^Oa exhaled by the nephrectomized rat As judged by these proce- 
dures, the rate of conversion of pfosmo glucose to CO 2 by the alloxan-diabetic 
rat does not differ sigmficantly from that found m the normal 
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PHYSICOCHEMICAL PROPERTIES OF CRYSTALLINE 
CLOSTRIDIUM BOTULINUM TYPE A TOXIN* 
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{From Camp DetricK, Frederick, Maryland, and the Department of Surgery, Duke 
University School of Medicine, Durham, North Carolina) 

(Received for publication, June 25, 1948) 

Interest in the chemical nature and mode of action of bactenal to\ms 
has been renewed by the simultaneously announced crystallization of 
botulmal (1) and tetanal toxms (2) and the recent purification of several 
toxoids (3-5) Of these, crystallme Closindtum botuhnum type A toxm 
alone has been submitted to an apparently complete elementary and ammo 
acid analysis (6), as well as to preliminary physicochemical characterization 
(7-9) and immunological study (10) This toxm has been found to be a 
tjTDical protem exhibitmg no unique composition or physicochemical prop- 
erties and IS apparently devoid of a prosthetic group A prelimmary 
report of the molecular weight and homogeneity of botulmal toxin pre- 
pared by the method of Lamanna el al (1) has already been made (9) 
Further details of the physicochemical characterization of this toxm and 
of the effect of the method of preparation on the molecular kmetic and sero- 
logical properties of this substance are given in this report Investigation 
of the botulmal toxm-antitoxTn reaction has also been undertaken Data 
to be published separately mdicate that serologically the toxm acts as a 
smgle substance (10) 

The origmal procedure for the crystalhzation of botulmal toxm (1) has 
been modified m several ways, mcludmg the omission of a step mvolvmg 
shakmg of the crude acid-precipitated toxm ivith chloroform (11) How- 
ever, much study had already been made of the properties of cr 3 '’stallme 
toxin of maximum potency prepared by the procedure first announced 
A later method descnbed by Abrams, Kegeles, and Hottle (7) differs from 
both the above procedures and also omits shakmg vuth chloroform In 
view of the suggestion (8) that partial denaturation may result from the use 
of chloroform m the punfication of the toxin, some data on the ph 3 'sico- 
chemical and serological charactenstics of toxm prepared both by the ong- 
inal and the modified methods of Lamanna cl al are mcluded m this com- 
munication 

• Some of the material in this paper was presented at the meeting of the Federa- 
tion of American Societies for Experimental Biologj at Chicago, Maj , 1947 {Federa- 
tion Proc , 6, 284 (1947)) 

t Present address. Department of Biochemistrj , Unixersitj of Chicago 
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EXPERIMENTAL 

The ciystallme to\m used in this investigation was piepaied by method 
previously described (1, 11) Some of the mateiial was later used for the 
ammo acid analysis already mentioned (6) Sevcial lots vcie studied, 
mcludmg one not subjected to shalang with chloiofoim (Batch S-5) The 
potency of the to\m vaiied somewhat fiom preparation to picpaialion bul 
probably not significantly outside the eirois of the mouse titiation cm 
ployed The tovm contamed about 220 X 10® mouse LD6o per mg o 
N as measuied by a statistically valid titration (12) on 20 gm vhit 
mice The highest value lecoided was 250 X 10® LDm pci mg of N (mitu 
potency of Batch C) A smgle batch of to\m (Batch BT-3), chaiactciizc 
successively in electiophoiesis, diffusion, and sedimentation behaMOi 
letamed a potency of 170 X 10® LDm pei mg of N upon lecoveiy It va 
observed, however , that even mild physical treatment of the purified to\i 
resulted in some loss of tOMCity, especially at high dilutions 


Electrophoresis 


The electrophoretic homogeneity of botulmal toxm was studied with t 
aid of the Tisehus apparatus (13) One apparatus used was equipped mth 
the Philpot-Svensson optical system (14), another employed in later e\pen- 
ments utilized the Longsworth scanning system (15) All phys’cal meas- 
uiements were made on prepaiations equilibrated by long dialysis agams 
buffer All pH measuiements were made ivith the glass electiode 
To\m of maximum potency prepaied by shaking with chloioform is 
homogeneous in electiophoiesis, as is illustrated by the diagrams of Fig 1 
Howevei, the lelatively small amounts of purified toxm available lestricted 
the scope of these experiments In this instance, only the Ion er middle sec- 
tion and bottom section of the two-compaitment cell could be filled mth tlir 
piotem solution In Fig 1, photogiaphs' at two time interimls aie given t 
illustiate the low degiee of boundary spread mth time The upper dia 
giaras lepresent migration foi 11,400 seconds, the lower foi 14,400 seconds 
The mobility at 1° m 0 1 n sodium acetate buffer, pH 4 38, calculated fror 
the diagrams of Fig 1, is 2 75 X 10“® cm - volt~^ sec 
No indication of a component other than toxm is to be seen m Fig j 
It was regulailj'' found that toxin freshly ci 3 ''stalhzed by the oiigmal methoo. 
of Lamanna and cowoikeis (1) was electiophoietically homogeneous under 
these conditions Occasionally, a small, fast moving shouldei uas ob- 
sen^ed on the descendmg boundary, but this could always be removed by 
repeated crystallization On long standmg, one piepaiation (Batch C) 
yielded a sharp smgle ascending boundary of normal mobihty but a sp^ ' 


^The initial boundaries are slightly obscured because of light absorption bv 
detoxifying agent added to the external constant temperature bath 
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descending boundary However, at this tune the preparation also appeared 
omewhat inhomogeneous, as judged both from diffusion studies and from 
Sght absorption photographs m the ultracentnfuge On conversion to 
"oxoid by treatment with formalm, the electrophoretic diagrams of this 







^Fig 1 Electrophoretic patterns of crystalline botulinal to\m prepared with 
chloroform shaking, pH 4 38, ionic strength 0 1, 0 1 N sodium acetate 0 2 x acetic acid 
buffer Photographs taken by the Philpot-Svensson method after migration at 1° 
at a field strength of 5 32 volts per cm in the two-section cell Upper photograph, 
'4,400 seconds, lower photograph, 14,400 seconds The arrow indicates the direction 
of migration, a and d represent the ascending and descending boundanes respec- 
tively The very steep curves at the tails of the arrows are supenmposed photo- 
graphs of the starting boundanes 



Fig 2 Electrophoretic patterns of crystalline botulinal toxin prepared vnlhoul 
chloroform shaking Photographs taken by the Longsuorth scanning method after 
12,300 seconds migration at 5 37 volts per cm Conditions and sj-mbols as in Fig 1 

matenal vere unaltered, although the mobihty on the alkalme side of the 
I isoelectnc pomt was mcreased 

h Crj’^stallme to\m, prepared by the modified method of Lamanna and 
oworkers (11) itith the step of shakmg vith chloroform omitted, was 
'’iketvise homogeneous m electrophoresis, as shown m Fig 2 The mobihty 
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at pH 4 38 was 2 69 X 10"® cm - Amlt"^ sec S the same witlim e\penmo 
eiior as for toviii piepaied i^Titli chloiofonii shaking 

The small degiee of boundaiy spiead obseived foi both types of 
arations mdicated that the to\m was quite homogeneous in clectiopho- 
Smce theie was some question that the chloiofonu tieatment may 
alteied the toxm, the boundaiy spiead foi the two lots was analyzed 
tistically by a method aheady desciibed (16) Unfortunately, tlu 
solubility at the isoelectiic point piecluded boundaiy spread analyi 
that pH range, the legion best suited to this study Foi a single mo^ 
boundary, the proceduie of Shaip el al (16) yields a value, denoted as 
hetei ogeneity constant, which has the dimensions of mobility and inciea 
i\nth the electiical heterogeneity of the piotein The values foi the 
preparations compared favoiabty, being 1 4 X 10"® cm - volt"* sec "* 
the salt-fractionated toxm, and 1 8 X 10"® cm " i olt"* sec ~* foi toxm pr 
paied by shakmg with chloiofoim These figuies indicate a relatively 
degiee of reveisible boundaiy spread (te , spiead not attiibutable to 
fusion alone) 


Dtfftision 

The diffusion constant {D) of ciystalhne toxin, pieviously found to 
homogeneous in electrophoiesis, was detemiined at 25° by the lefiacti 
index scale method of Lamm (17), m the Neuiath cell and appaiatus (’ 
The values aie given m Table I The subscripts on D indicate the seii 
methods of calculation which allow diffeient weight to vaiious factois (1. 
For the fiist time mteival given (84,300 seconds, or approximately 1 i 
the boundar}’’ was yet too sharp foi accuiate measuiement of the scale i 
displacements With this exception, theie is excellent agi cement b*" 
among the values found at different time intervals and among those 
tamed at a given time mteival when calculated by the seveial methor 
The lattei finding is a good ciiterion of molecular lanetic homogeneity, 
measured by the somewhat insensitive method of diffusion, and may bei 
pressed numeiically by the Graldn index (19) given m the last column 
Table I as Z ),/ Djc The deviation of this constant from unity is a measu 
of the distiibution of sizes in a substance 

Similar evidence for homogeneity in diffusion behavior is offered by t 
low value of the standaid deviation for the diffusion constant calculated 
points along the curves bj'’ the method of successive analysis (the six 
column. Table I) However, the best enter ion of homogeneity in diffusii 
lies m tiansformmg the actual diffusion cuive to normal cooidinates ai 
malving graphical comparison to the ideal Gaussian distribution cun 
The lather good fit ob tamed by this proceduie and the close meigmg of t. 
maximum ordmates of the ideal and the calculated curves is shomi in F] 
3 (time, 354,840 seconds) 
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r, Sedzmeniaiion tn UUraceninfuge 

Che sedimentation characteristics of the crystallme to\m m ere studied m 
’]ir-dnven analytical ultracentnfuge (20), the rotor of uhich earned a 
rar-shaped cell at a mean radius of 6 5 cm The ultraviolet light absorp- 
d method was employed for prelimmary analysis, the Lamm scale method 
for quantitative studies Sedimentation velocity scale diagrams 
aned at a mean temperature of 32“ and a mean centrifugal field of 
OOff have already been published (9) The diagrams revealed a smgle 
. arp sedimentmg boundary and yielded a value for the sedimentation 
} 

I Tabll I 


I’j Diffusion Constant* of Crystalline Botuhnal Toxin\ at 25* 


/ 

Tune 

1 

1 

1 



1 

Dai 

sec 

,0-1 



i(n 

J0-’ 


''’84,300 

2 08 

2 10 

2 12 

2 19 

2 05 ± 0 08t 

1 03 

' 59,480 

1 99 1 

1 96 ! 

1 96 

1 97 

2 06 ± 0 07 

1 00 

74,860 

1 96 

1 95 i 

1 95 

2 01 

2 05 ± 0 12 

1 03 

354,840 

1 98 

1 94 

1 89 

1 95 

2 04 ± 0 05 

1 OS 

'Average 

Djs 

j 2 01 ± 0 07 X 10”’ cm ‘sec 

2 14 X 10”’ cm ’ sec 

1 87X 10-’cm’seo-‘ 




2 * Du, Dji, Djf, D,, and Ds denote, respectively, the diffusion constant (with the 
•^Ansions cm * sec "*) calculated by the maximum height, maximum height area 


squared), maximum height-area (squared), standard deviation, and successiie 
'h'lysis methods (18) D s and Djo denote the diffusion constant corrected to the 
Uer basis at the respeotixe temperatures £> » is given to permit comparison Mith 
, average value 2 02 X 10”’ cm ’ sec determined indepcndentlj in the Tiselius 
^paratus by the Longsworth method on other batches prepared by both groups 
workers (8) 

t Protein concentration of 0 63 per cent in 0 1 N sodium acetate buffer, pH 4 3S 
'j Standard deviation from the mean of determinations at six or more points along 

0 oune 

1 

instant, Sw, of 17 3 Svedberg units at a protem concentration of 0 17 per 
nt, the low est concentration studied Although the base-lines of the sedi- 
.entation diagrams exhibited a small angular deviation from the hori- 
'mtal, planimetnc measurement of the area under each boundar}^ retcaled 
constant concentration of sedimenting substance equal to the initial con- 
mtration (calculation by Equation lS3a (21), ^ncluding a correction for 
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Fig 3 Comparison of an ideal Gaussian distribution curve v,itb tbc diffusion 
curve obtained on a 0 63 per cent solution of crystalline botulinal toxin • indi 
cates the position of the ideal curve, O represents the experimental scale lino dis 
placemen ta, plotted m normal coordinates Time, 354,840 seconds 



Fig 4 Boundary spreading m a sedimentation experiment with crystalline 
botulinal toxin The solid line indicates actual points obtained w ith the Lamm scale 
method, the dash line represents theoretical spreading due to diffusion alone Time, 
6400 seconds at 48,000fif 

of the to\in The lesultsiare showB m Fig 4, which gives the scale diagram 
JcSlmif jl sedmientation at a speed of 25,400 r p m 

The lather by IRL’ 

maximum ordinates of the ideal and the calculatec^^^,^^' diffusion* 

3 (time, 354,840 seconds) 
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constant obtained in separate diffusion experiments (see above) It may- 
be seen that the boundary spread is somewhat greater than that attribut- 
able to diffusion alone This is confirmed by the fact that the apparent 
diffusion constant calculated fiom the sedmientation diagrams, though 
variable, is greater than that obtamed fiom the separate diffusion expen- 
ments 

The extraboundary blurnng which occurs during the sedimentation of 
botulmal toxin may have been due to experimental conditions, such as 
possible shght vibration of the rotor or the difficulty of establishing the 
zero time of diffusion, or it may be indicative of a small degree of molecular 
heterogeneity However, mspection of Fig 4 reveals that the distribu- 
tion of sedimentation rates does not differ sigmficantly from the mean 
rate If the increased boundary spreading is attnbuted to molecular 
heterogeneity, it could have ongmated either from a population of mole- 
cules differing but shghtly in molecular size or from the presence of another 
substance of closely similar sedimentation properties It was our ex- 
penence that even mild physical procedures for study of this toxm mduced 
some loss of potency, possibly by toxoid formation through surface denatu- 
ration We thus attnbute to this effect the small observed deviation of the 
ictual sedimentation diagrams from theoretical curves calculated from 
iiffusion data 


Molecular Weight and Shape 

The sedimentation constant and diffusion constant taken together permit 
;he calculation of the molecular fnctional ratio (///o)j according to the 
Pemn theory (c/ pp 41-43 (21)),yieldmgavalue of (///o),of 1 76 On the 
assumption that the molecules resemble prolate ellipsoids, this figure corre- 
sponds to a ratio of major to minor axis (b/a) of 14 6, hydration being neg- 
lected (21) Substitution of the sedimentation constant and the diffusion 
constant m the Svedberg equation (Equation 3a (21)), with a value of 0 75 
(8) for the partial specific volume at 20°, yields a molecular weight of 
900,000 2 

In an effort to ascertam the particle size and shape of botulmal toxm 
directly, a few attempts were made to photograph a preparation shadowed 
with gold, by the use of the RCA electron microscope Because of the small 
sizb of the toxin, relative to viruses and other biological substances usually 
studied m this apparatus, the results were inconclusive It is hoped that 

’ The partial specific volume of chloroform fractionated botulmal to\in calculated 
from the complete ammo acid data is 0 736 This figure based on tentative values 
for the constituent ammo acid molar volumes leads to a slightly loner molecular 
weight (Cohn, E J , and Edsall, J T , Proteins, ammo acids and peptides, Ameri- 
can Chemical Society monograph series, New York, 370-375 (1943) ) 
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resort to the newei techniques for the production of metal shadow coatings, 
Bith platinum oi palladium on glass wth subsequent replica stripping, will 
yield more decisive results m the near future 

Immunological Homogeneity 

In addition to meetmg the physicochemical criteria of homogeneity 
in electrophoresis and diffusion and sedimenting vith a single sharp bound- 
aiy in the ultracentiifuge, botuhnal toxin has proved to be homogeneous m 
immimological behavior, for both toxin and antitoxin are completely pre- 
cipitated in the equivalence zone (10) Moi eovei , quantitative comparison 
of the behavior in the precipitin leaction of batches of toxin prepared nith 
and vuthout chloroform shalang reveals no diffeience as a result of this 
treatment ^^^en the ratio of antitoxin to toxin nitrogen in the precipitate 
m the zones of antibody excess and equivalence is plotted against the 
amount of toxm nitrogen added, accordmg to the piocedure of Heidel- 
bergei and Kendall (22), the cuives for toxin prepaied by the two methods 
coincide (c/ Fig 5) However, for both substances a curvilinear i elation 
obtams, even when the ratio of antitoxm to toxin nitrogen is plotted agamst 
the squaie lOot of the added toxin concentiation Botuhnal toxm thus 
differs in precipitin behavior from ordinary protein antigens which usuall'' 
yield a hneai lelationship between the antibody to antigen ratio and the 
amount of added antigen A more complete discussion of the charac- 
teiistics of the botuhnal toxm-antitoxm reaction will be published sepa- 
rately (10). 


DISCUSSION 

Crystalline Clostridium hotidinum type A toxin meets some of the usual 
critena of protein puiity, i e electiophoietic homogeneity, homogeneity 
in diffusion, sedunentation with a single boundarj^ and seiological homo- 
geneity in the toxm-antitoxin reaction However, the toxin fails to meet 
a moie iigorous test of protein purity, namely sedimentation ivithout bound- 
ary spreading greater than that solely attiibutable to normal diffusion 
In addition, prelmnnary phase inle solubility studies mdicated the presen*, cj 
of more than one component The solubility studies were discontmued 
because surface denatuiation of the toxm was readily brought about by the 
shaking methods used to achieve equilibrium 

The appaient slight molecular mhomogeneity of botulmal toxm is attnb- 
uted to the marked lability of this piotem lathei than to the presence of 
f 01 eign components Even oi dmary handling at i oom temperature readily 
induces surface denatuiation of solutions, mth the formation of opalescence 
or visible aggregates, requirmg clarification by centrifugmg at a low speed 
m the angle centiifuge prioi to physicochemical study Spontaneous Ipss 
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of toxicity also occurs on long standing or at high dilution, necessitating 
the addition of protective agents at the extreme dilutions used m the esti- 
mation of biological potency Rapid inactivation takes place in solutions 
above pH 7 

The lability and protein nature of highly purified bactenal toxins so far 
studied appears to be a general phenomenon Ciystalline tetanal toxin, 
onginally electrophoretically homogeneous and apparently a smgle sub- 
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Fig 5 Composition of toxin antitoxin precipitates in the zones of equn alence 
and antitoxin excess Batch C was crystallized by the chloroform shaking method, 
Batch S 5, by a different method tsithout shaking with chloroform 

stance selologically, undergoes spontaneous detoxification on standmg at 
0° without loss m antitoxin-flocculatmg poner but \nth marked alteration 
in phase rule solubihty properties (23) Moreoter, this toxm shows two 
components m the ultracentrifuge, one apparently an atoxic dimer Diph- 
therial toxm IS essentially homogeneous by molecular kinetic cntena (24) 
but IS rapidly inactixated above pH 60 (5) It has been reported that 
electrophoretically isolated, electncally homogeneous, erj^throgemc toxm 
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of seal let fever is nearly homogeneous in the ultracentrifuge as judged by 
comparison of the actual and theoretical sedimentation cuives (25) How- 
ever, the diffusion constant used m the latter analysis was not obtained by 
special precise diffusion experiments as m this mvestigation, but rather was 
a mean value obtamed by calculation from a series of the same sedimenta- 
tion curves No bacteiial toxin has yet been reported to exliibit a constant 
solubility Howevei , purified diphtheria toxoid does have a constant solu- 
bility and satisfies othei catena of piotem puiity (5) 

The molecular constants for crystalline botuhnal toxms obtained in this 
investigation aie m good agieement with those previously reported Dif- 
fusion studies mth the sinteied glass disk technique afforded an estimate 
of about 1 million foi the moleculai weight (1) The mmimum molecular 
weight calculated fiom ammo acid analysis is approximately 45,000 (6), 
one-twentieth of the value, 900,000, determined by physical means and 
reported in this woik The moleculai weight calculated b}'' Kegeles (8) 
fiom diffusion and viscosity measurements, with the assumption that the 
toxin molecules approximate elongated ellipsoids, is 1,130,000 Usmg 
different method the lattei author obtamed a diffusion constant foi toxin 
prepaied by the pioceduie of Lamanna el al of Dzo == 1 79 X 10~^ cm- 
sec m good agreement mth oui value of 1 87 X 10“’ cm " sec (correc- 
tion made to 20°) Howevei, for preparations made by tire method of 
Abrams et al , Kegeles found a mean value of D 20 = 2 13 X 10“’ cm - sec 
Since the ultraeentiifuge and diffusion data leported m our study vere 
obtained onl 3 '’ on chlorofoira-fiactionated toxin, the identity of size and 
shape of the toxnn prepaied by the several methods has not j'et been 
cleailj'- established 

Conclusions vith legaid to the apparent moleculai shape of this proteu 
must await fuithei study The fiictional latio derived fiom the sedimen- 
tation and diffusion constants in this investigation {{f/fo), = 1 7G) is 
maikedly gi eater than that obtamed from viscosity measurements (8) and 
the assumption of an elongated ellipsoidal molecular model ((///o) ti = 1 45) 
In the lattei study, fractions prepared by both methods weie used in vis- 
cosity measurements, though one preparation subsequently proved to be 
electi ophoretically inhomogeneous. Unless excessive hj'-dration is assumed, 
neither value of the fiictional ratio derived by these mdirect physical 
methods is m accoid mth the report that electron micrographs of mactive 
formahn-ti eated toxin (toxoid) show particles neaily spheiical in shape (11) 

No explanation for the exiiieme toxicity of this protein can be deduced 
either from its composition 01 from its physical properties However, the 
finding of a high molecular weight for botulmal toxin compaied to other 
bacteiial poisons poses tivo difficult problems first, the explanation of the 
apparent absorption of the toxin through the gut m accidental botulism 
resulting from mgestion of spoiled foods, second, the elucidation of its mode 
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of action on administration by either the oral or mtrapentoneal route 
The smgular oral toxicity of this protem is in accord mth reports that it is 
relatively resistant to the proteol 3 dic action of pepsm and trypsin (c/ 
(26)) 

The suggestion has been made that tetanal, botuhnal, and diphthenal 
toxms may act by interfenng vnth the synthesis of some essential enzjone, 
and some evidence has been presented mdicatmg that diphthenal toxm 
perhaps bloclvs the sjmthesis of cytochrome b or some closely related en- 
zjTne (26) However, botuhnal toxm is far more potent than diphthenal 
toxm (26), and it may be calculated that on the basis of a molecular v eight 
of 900,000 only 20,000,000 molecules are required to kill a mouse This 
fact, together ivith the protem nature of the toxm, suggests that it may 
attam its potency indirectly by actmg enzymatically to synthesize a cellular 
poison from some normal metabohte or otherwise break an mdispensable 
l ink m some physiological reaction cham in nervous tissue 

The authors are mdebted to Dr HansNeurath of the Department of Bio- 
chemistry, Duke University School of Medicme, for makmg available to 
one of us the diffusion apparatus used in this study and to Dr Gerson 
Kegeles, National Cancer Institute, for suggestions on the manuscnpt 

SUMMARY 

1 Crystallme type A botulmal toxm is homogeneous m electrophoresis 
and m diffusion 

2 The toxm sediments with a smgle sharp boundary m the ultracentn- 
fuge but with spreadmg somewhat greater than that attributable solely to 
liffusion This behavior may mdicate slight molecular heterogeneity 
attnbutable to the lability of this protem 

3 The molecular weight obtamed from sedimentation and diffusion data 
IS 900,000, the apparent frictional ratio is 1 76 

4 Quantitative precipitin studies indicate that botuhnal toxin is sero- 
logically a smgle substance The ratio of antibody to toxm in the pre- 
cipitates m the zones of antibody excess and equivalence is not linearly 
related to the amount of antigen added 

5 Crystallme toxin prepared by several methods possesses identical 
electrophoretic and serological properties 

6 Its extreme potency, high molecular n eight, and protein nature suggest 
that botuhnal toxm may be an enzyme However, no ex-planation of the 
mode of its pharmacological action is afforded by these studies 
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XANTHOMYCINS A AND B, NEW ANTIBIOTICS PRODUCED BY 
A SPECIES OF STREPTOaiYCES* 
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Madison) 
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Two neiv antibiotics have been obtained from culture filtrates of an un- 
identified species of Streptomyces These antibiotics are of special interest 
because of their high potency and their e\treme toMcity Because they 
are yellow m color and are produced by a Slreptomyces, they have been 
named xanthomycin A and xanthomycin B 
The organism, designated Slreptomyces 94, is one of a senes isolated from 
oats, flax, and wheat Because Slreptomyces 94 had shown marked antago- 
nistic activity against both Gram-positive and Gram-negative bacteria in a 
prelimmarj’’ agar streak test, it was chosen for further study 

EXPERIMENTAL 

Antibiotic Production by Streptomyces 94 

Method of Assay — In the preliminary work on xanthomycin, a serial dilu- 
tion type of assay was used in which Staphylococcus aureus H was the test 
organism The S aureus H dilution unit was adopted as the standard unit 
for xanthomycm It is defined as that amount of antibiotic material which, 
when dissolved in 1 ml of 0 75 per cent peptone and 0 25 per cent yeast 
extract medium at pH 7 2, will just inhibit the grow th of S aureus H 
durmg an incubation period of 20 hours at 37° when the inoculum per 10 
ml of medium is 1 drop of a 1 10 dilution of a 24 hour culture grow n on the 
same medium 

The dilution assay u as very laborious and inconvenient It as useful 
for the preliminary v ork on xanthomycm, but a more convenient turbidi- 
metne assay vas developed for routine use The medium for the turbidi- 
metric assay was peptone 0 5 per cent, beef extract 0 3 per cent, and j east 
extract 0 3 per cent m distilled water, adjusted to pH 7 6 to 7 7 nath NaOH 
4 ml of a culture of Staphylococcus aureus H groum on the same medium for 
16 to 20 hours at 37° w ere used to inoculate each 100 ml of assaj medium 
A stock solution of partiallj purified xanthomjcin vas assajed against 
Staphylococcus aureus H bj’’ the dilution assa 3 ’’ method and u as found to con- 

* Published with the appro\al of the Director of the l\iscoiisin \EncuUunl L\- 
penraont Station Thisin\estigationhasbecmidod bj grants fromTlieLpjohn Com 
panj , Kalamazoo, Michigan, and the \bbott Laboratories, North Chicago, Illinois 
t Junior Research Fellovr, National Institute of Health 
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tarn 10,000 units per ml This solution was stored in the refrigerator and 
its potency was checked frequently by the dilution assay method For 
the turbidimetric assay this solution was diluted with steiile distilled water 
to contain 100 units pei ml Foi the standaid curve 0 10, 0 08, 0 06, 0 01, 
and 0 02 ml of a standard solution containing 100 units per ml were 
pipetted in duplicate into a seues of 18 X 150 mm test-tubes Similar 
quantities of a suitable dilution of the sample to be tested wcie pipetted 
into another senes of tubes 10 ml of inoculated broth wcie pipetted into 
each tube with an automatic pipetting machine, and the tubes were then 



Fig 1 Standard curve for \antUomycin turbidnnetnc assay 

incubated m a water bath at 37° for 3 hours At the end of the incubation 
period, growth was stopped by steaming the tubes for 10 mmutes, and 
turbidities were read on a Lumetron model 402E colorimeter equipped with 
a 6500 A broad band filter A standard curve, obtained by plottmg arbi- 
trary galvanometei readings against units of the antibiotic per tube, is 
shonm in Fig 1 Units per tube of the unlmown sample were obtained 
from the standard curve When several levels of an unlcnown sample fell 
within the range of the standard curve, the calculated potencies usually 
agreed within 5 per cent, and when a sample was assayed on successive 
days the results usually did not vary more than 5 to 7 per cent 
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Fermentahons %n Shaken Flasks — ^The shaken flask technique was em- 
ployed in experiments designed to find a good medium for antibiotic pro- 
duction Cotton-plugged 500 ml Erlenmeyer flasks containing 100 ml 
of medium were autoclaved 30 to 40 minutes at 15 pounds of steam pressure 
and the cooled flasks were inoculated with a suspension of Slreptojnyces 
94 spores grown on 6 ounce bottle plates of the following medium glu- 
cose 1 per cent, asparagme 0 05 per cent, K 2 HPO 4 0 05 per cent, agar 1 5 
per cent, and distilled water 20 ml of spore suspension w'ere prepared 
from each bottle plate and 2 to 5 ml were used to inoculate each flask of 
medium The inoculated flasks were mcubated at 25° on a reciprocating 
shaker (4 mch strokes, 90 to 100 per minute), and samples were taken 
penodically for assay 

Approximately twenty-five different media were tested The best of 
those tried consisted of 1 per cent each of com steep solids, soy bean meal, 
dextnn (No 151 of Com Products Refining Company), K2HPO4, and NaCl, 
and 0 1 per cent of CaCOj in tap water Yields on this medium were 
5000 to 8000 units per ml with the original culture Maximum yields oc- 
curred in 4 to 5 days, after which the antibiotic concentration decreased 
rapidly if the fermentation was allowed to contmue When com steep 
solids were omitted from the medium, good growth was obtamed, but no 
antibiotic was produced Peptone could be substituted for soy bean meal 
with good results, and lactose and glycerol were about as effective as dextrin 
Isolation of Better Producintj Strains of Slreptomyccs 94 — Strcptomyces 94 
IS susceptible to its oivn antibiotic Tlierefore an attempt was made to 
obtain more resistant strains and also better producers of the antibiotic 
Spores of strain 94 w'ere plated out in glucose-asparagme agar contain- 
ing 6000 units of partially purified antibiotic per ml Control plates that 
contamed no antibiotics were included The plates were incubated at 30° 
for 2 to 3 days after which time colonies were isolated Spore germination 
was apparently mhibited by the antibiotic, since many more colonies ap- 
peared on the control plates than on the plates containing the antibiotic 
The new strains were tested for antibiotic production in shaken flasks 
and the results are shown in Table I Strain S-26 which was isolated from 
a control plate, did not produce any antibiotic The other strains were all 
isolated from plates contaimng the antibiotic and gave yields that were 
3 to 4 times higher than those produced by the original culture 
Fermentations in SO Liter Fermenters — ^The 30 liter fermenters described 
by Peterson (1) were used for producing xanthomjem for punfication 
studies 12 liters of medium were placed in a fermenter, 75 to 100 ml of a 
2 per cent solution of octadecanol m lard oil were added as an antifoam, 

' and the fermenter was autoclaved at 15 pounds of steam pressure for 105 
mmutes Mter coolmg, each fermenter was inoculated wath 500 to 700 
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ml of vegetative moculum of strain 94 winch had been grown 3 days on a 
sliahei at 25° Aeration was at the rate of 0 28 cubic feet per minute and 
the feimenters were stnied at the late of 400 R P M 
Some of the chemical changes occuiiing m 30 Iitei fennenters were stud- 
ied The medium was the same as that used m shaken flasks except that 
0 5 per cent of lactose was substituted for dextrin Two of the new stiams, 
Nos S-33 and V-28, were compaied with the oiiginal culture They pro- 
duced about 2 5 times as much of the antibiotic as the original strain 
The chemical changes brought about by the three strains were very similar 
The data foi stiain S-33 are presented in graphic form in Fig 2 

Table I 

Xanihomycin Production by New Strains of Strcplomyccs 94 in Shal cn Flasl.s 


Medium, corn steep solids 1 per cent, soy bean meal 1 per cent, K 2 HPO 4 1 per cent, 
NaCl 1 per cent, lactose 0 5 per cent, CaCOs 0 1 per cent, and tap water 


Strain 

3 days 

3 5 days 

4 days 

4 S days 

1 ; 

' 5 days 

5 5 days 

pH 



Units 
per ml 

; pH 

Units ] 
j per ml j 

pH 

Units 
per ml 

pH 

1 Units 
[ per ml 

pH 

Units 
per ml 

Original 

7 3 

0 

7 5 

1,380 

7 4 

' 2,450 

74 

4960 

7 8 

5530 

8 0 

<5000 


7 3 


7 5 

1,640 


2,900 

7 6 

4820 

7 8 

j 5260 

8 0 

<5000 

94-S-26 

7 1 

0 

7 4 

0 

7 6 

0 

7 8 

0 






7 1 


7 4 

0 

7 5 

0 

7 8 

0 




1 

94-S-28 

7 1 

4550 

7 4 

>10,000 

7 7 

12,300 

7 9 

4200 






7 1 


7 3 >10,000 

7 6 14,900 

7 9 

6500 





94-y-2S 

7 2 

>5000 

7 3: 

>10,000 

7 520,400 

7 s 

7900 






7 2 


7 4 

>10,000 

7 5'20,400 

1 ^ S 

8400 





94-S-29 

7 1l 

>5000, 

7 4, 

>10,000 

7 6'l4,900 

79 ! 

5300 


1 




7 1 


7 4 

>10,000 

7 612,200 

7 9; 

4600 





94 S-33 

7 1 

4100 

7 3 

>10,000 

7 518,200 

7 8 

6300 

1 





7 1 


7 3 

>10,000 

7 6 

18,300 

7 9 

6100 

1 




94-V-33 

7 1 

1145 

7 4 

7,460 

7 4 

14,400 

7 7: 

9300 

j 





7 2 


7 2 

7,800 

7 4 

15,700 

7 7 

8800 

i 

1 



94-V-34 

7 1 

>5000 

7 3 

>10,000 

7 6 

17,100 


6800 

1 

1 




7 1 


7 3 

>10,000 

7 6 

15,400 

l7s: 

6000 


1 

i 




The antibiotic began to appeal eailjr m the fei mentation and reached a 
maximum around 40 hours, after which it dew eased lapidly The pH m- 
creased eailj'^ in the feimentation, diopped as the jneld of the antibiotic 
approached its maximum, and then lose slightly throughout the lest of the 
feimentation Sugar, calculated as lactose, declined throughout the fer- 
mentation Total soluble nitiogen dew eased from the time of inoculation 
to the time of maximum yield of the antibiotic, it then began to increase, 
appaiently owing to autolysis Theie was very little ammonia nitrogen 
in the medium at the time of moculation and it disappeaied m the first 50 
hours 
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Analytical Methods — ^KjeldaH mtrogea was determined by the micro- 
method of Johnson (2) and ammonia nitrogen by the method of Gailey cl 
al (3), except that the ammonia was removed by steam distillation rather 
than by aeration For lactose the samples were autoclaved at 120° for 
15 mmutes in 0 75 n HCI, and reduemg sugars were determined by the 
method of Shaffer and Somog 3 n (4) Eeagent 50 with 5 gm of IQ per 
hter was used and the samples were heated m a boilmg water bath for 25 
mmutes 



HOURS 


Fig 2 Chemical changes in a Slrcplomyccs 94 fermentation 
Punficahon of Xanihomycin 

Two major procedures were employed m concentratmg xanthomycin 
The active matenal m culture filtrates was first adsorbed on nont, from 
which it was eluted mth 0 1 N HCI saturated mth butanol ilfter con- 
centration of the eluate, the antibiotic was extracted into chloroform and 
then mto acidified water It could be precipitated from concentrated 
water extracts with picnc acid or ammonium rcmeckate 
Adsorption of Antibiotic on Noril and Bhition — The mjcclium vas re- 
moved by filtration and after the pH of the culture filtrate n as adjusted to 
7 5 to 8 0 with NaOH, 2 to 3 per cent of nont n as added Usuallj' approx- 
imately 1 per cent of Cehte 545 nas also added to aid in filtration Small 
I batches n ere stirred for approximately 1 hour and w ere then filtered through 
a Buchner funnel Large batches were filtered through a filter press and 
the filtrate nas pumped through three additional times to insure good ad- 
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sorption Generally 75 to 95 per cent of tlie active material was adsorbed 
on the nont 

The nont was washed with a volume of water saturated with butanol 
equal to one-thud the volume of original culture filtrate This removed 
much inactive material and only little of the antibiotic The operation 
was conveniently earned out in the filter press by merely pumping the so- 
lution through after the nont had been collected in the pi ess 

The antibiotic was eluted from the nont with 0 1 n HCl saturated with 
butanol This was accomplished with small batches by suspending the 
nont in the eluent and stining for 30 minutes For large batches the elu- 
ent was usually divided into two portions and each portion was pumped 


Table II 

Concenlralton of Xanlliomyctn by Nont Adsorption and Elution 



O 





1 



Sg 



Potency 

1 Adsorbtd 


&a 








w 









1 


mmm 



1 



1 

iimts 
ftr m! 


lolal units 1 

units 1 

per cent 

i 

1 

1 

UrttSAO j 

1 

1 


Adsorption, cul- 

1 

11 9 

8,155 

315 

97,073,000 

90,528,000 

93 

ture filtrate 

2 1 

33 0 

5,480 

180 

180,840,000 

142,890,000 

79 



1 

j 




Rccovctj from 
nont 

Purification 
(dry ntiBht 
basis) 

Elution,* nont 






per cent 


1 

5 0 

16,090 

945 

80,450,000 

89 

3-fold 

eluate 

2 


6,310 

9S0 

126,200,000 

88 

5 4-fold 


* The eluent was 0 1 n HCl saturated with butanol The procedure for Experi- 
ment 1 was earned out with the usual laboratory apparatus, while a filter press was 
used for adsorbing and eluting in Experiment 2 


twice through the nont m the filter press Usually 80 to 90 per cent of the 
antibiotic was eluted with a volume of eluent equal to one-half that of the 
original cultuie filtrate This adsorption and elution piocedure resulted 
in a 3- to 5-fold puiification based on units per mg of drj’’ weight Data 
for adsorption and elution of both a small and a large batch are summarized 
m Table II 

Exlraclion with Chloroform — ^The amount of the antibiotic extractable 
from aqueous solution with solvents increased as the pH was raised from 
2 to 8 Chlorofonn and butanol were the best solvents of those tried, less 
effective solvents were ethyl acetate, amyl acetate, and ethei 

The eluate containmg the active material was concentrated by distillation 
zn vacuo to a small volume (500 to 2000 ml , depending on the size of the 
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batch and the solids content) The pH was adjusted to 7 0 to 7 5 with 
NaOH, precipitated material was removed by centnfugation, and the con- 
centrate was extracted with 2 to 3 equal volumes of chloroform From the 
combined chloroform extracts, the active matenal was extracted mto a 
small volume of water acidified to pH 2 or lower 
This extraction process brought about a 40- to 60-fold mcrease in punty 
of the antibiotic If the water-chloroform-water extraction process was 
repeated, the punty of the antibiotic was usually mcreased a few fold 
Data from a typical experiment are shown m Table III 
Precipilahon of Active Material with Picnc Acid and Ammonium Reinech- 
ate — ^Aiter the water extract had been concentrated to a small volume (50 
ml or less) by distillation in vacuo, a saturated solution of picnc acid in alco- 
hol or ammonium reineckate m water was added drop by drop until a pre- 


Tablb III 

Conceniraiion of Xanlhomyctn by Exlraclion with Chloroform and Precipilahon with 

Picric Acid 


Fraction 

Quantity 

Potency 

i 

Recov 

eiy 

FuriScation 
(dry weight 
Basis) 



ml 

ttntit 
ptr ml 

units 
per mt 

hlal units 

per cent 


1 

Nont eluate 

3010 

20,170 

980 

60,711,700 



2 

Water chloroform- 

212 

268,500 

42,620 

58,816,000 

97 

44-fold 


water concentrate 







3 

Treatment in Frac- 

225 

275,500 

58,620 

61,875,600 

102 

60 fold 


tion 2 repeated 

mff 






4 

Picrate prepared from 

163 2 


293,500 

47,899,200 

79 

300 fold 


Fraction 3 



i 





cipitate no longer formed The use of either precipitant resulted m a 5- to 
6-fold mcrease in punty The purest reineckate obtained from aqueous 
concentrates prepared by the above extraction procedure had a potency of 
264,000 units per mg , and the purest picrate had a potency of 293,500 units 
per mg (Table III) Attempts to crystallize the dematnes uhicb nere 
of this order of potency were unsuccessful However, it was possible to 
obtain a crystalline reineckate after the aqueous concentrate had been 
purified further by counter-current distribution as descnbed below 
Purification by Counter-Current Distribution — The Craig (5, G) technique 
of counter-current distribution w as employed in purifying the actu c mate- 
rial further and separating its a anous components .Vs a preliminarj ex- 
periment, the distnbution of the antibiotic (lij drochlonde) between chloro- 
form and buffer at vanous le^ els of pH was determined The distnbution 
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coefficients are given m Table IV. At pH 2 0 the antibiotic was practically 
all retained in the buffer phase, while at pH 8 0 over 90 per cent was ex- 
tracted into the chlorofoian 

The distribution pattern obtained for an aqueous concentrate of the 
hydrochloride of the antibiotic in the Craig apparatus is shovni in Fig 3 
Chloroform and 01 m phosphate buffei at pH 4 40 were the two phases 
The lower portion of each tube in the Craig apparatus was filled with 
chlorofoim satuiated with the buffer, and an equal volume, 8 ml , of buffer 
saturated with chloroform was added to the upper portions of Tubes 1 to 
24 To the upper portion of Tube 0 were added 8 ml (500,000 units) of a 
solution of the antibiotic in buffer saturated with chloroform The appa- 
ratus was inverted thirty times and after the layers had separated the upper 

Table IV 


Distribution of Xanlhomycin* between Equal Volumes of Chloroform and 0 02 
M Phosphate-Citrate Buffer 


pH 

Distribution coefficient, 
chloroform 
buffer 

2 0 

0 02 

3 0 

0 2 

4 0 

0 6 

6 1 

3 0 

6 0 

6 2 

7 2 

8 1 

8 0 

11 2 


* The material used in this e\penment wns a mixture of approximately 90 per cent 
of xanthomycin A, 10 per cent of xanthomycin B, and 0 1 per cent of the third com- 
ponent as shown later by counter-current distribution studies 


part of the appai atus was rotated one stage This was repeated for twenty- 
four transfers After the twenty-fourth transfer the buffer layer of each 
tube xvas acidified to pH 1 0 with concentrated HCl and the apparatus was 
again inverted a few tunes to extract the antibiotic into the buffer phase 
Samples of the buffer layer were then xvithdiaivn for assay 
The pattern (Fig 3) shows that the material consisted of at least three 
antibiotic components Similar patterns were always obtained for anti- 
biotic concentrates The main component, represented by the second peak, 
was named xanthomycin A, and it made up 65 to 90 per cent of the total 
antibiotic The component represented by the first peak was named 
x-anthomycin B and it ranged from 10 to 35 per cent of the total The mate- 
rial which occuired m Tubes 23 and 24 nevei amounted to more than 1 per 
cent of the total It was not named and no further work was done on it 
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An antibiotic concentrate containing 290 nulbon units in 60 ml of aque- 
ous solution was run through the Craig apparatus, 8 ml at a time The 
volume of the concentrate was not reduced further because the use of more 
concentrated solutions resulted in difficulties with emulsions Chloroform 
and 0 6 m phosphate buffer at pH 4 40 were the two phases After each 
8 ml portion was distnbuted in the apparatus, the contents of each tube 
were withdrawn and separated The antibiotic from each chloroform 
portion was then extracted mto an equal volume of 0 05 m phosphonc 
acid All the fractions from the chloroform layer and all those from the 



Fig 3 Distnbution pattern for a xanthomycin concentrate (chloroform 0 1 m 
phosphate system, pH 4 40) 

buffer layer were kept separate Correspondmg fractions from each of the 
distributions were combined for assays and nitrogen determinations The 
results are shown in Table V Approximately 15 per cent of the total 
antibiotic matenal was present in the first peak, Tubes 0 to 6, approximately' 
85 per cent was present m the second peak. Tubes 7 to 23, and only 0 5 per 
cent was represented by the third component in Tube 24 The mtrogen 
figures show that nitrogen-containing impurities did not follow the same 
distribution pattern as the antibiotic The nitrogen figures are not abso- 
lute values but are only relatn e because not all the mtrogen m the anti- 
biotic appeared as Kjeldahl mtrogen 
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Preparation of Crystalline Reineclate of Xanthomycin A— The fractions 
from the chlorofoi-m layers of Tubes 10 to 19 (Table V) were combined for 
preparation of the remeckate of xanthomycin A A sample of the com- 
bined fractions was lun through the Craig apparatus to test for antibiotic 
homogeneity Chloroform and 0 3 m phosphate buffer at pH 4 25 were 

Table V 


Craig Counter-Current Distribution Studies on Xanthomycin* 


Tube No 

Chloroform layer 

Buffer layer 

Nitrogen 

Antibiotic 

Nitrogen 

Antibiotic 


yfer 

ml 

units per ml 

units per y N 

y per 

TTtt 

units per jnt 

units per y N 

0 



6,S00 




229,000 


1 



10,300 




233,000 


2 



13,500 




122,000 


3 



17,100 




60,000 


4 



18,900 




33,000 


6 



34,900 




22,000 


G 



41,800 




24,000 


7 



54,000 




20,000 


8 

10 

6 

70,100 

6,610 



39,000 


9 



95,900 




45,400 


10 

13 

7 

122,000 

8,910 

15 

0 

70,000 

4650 

11 



158,000 


14 

5 

91,000 

6250 

12 

23 

0 

217,000 

9,430 

17 

3 

126,000 

7300 

13 



261,000 


20 

2 

162,500 

8050 

14 

31 

0 

336,000 

10,800 

25 

6 

200,000 

7850 

15 



409,000 


31 

8 

245,000 

7700 

16 

32 

4 

410,000 

12,600 

24 

8 

222,000 

8950 

17 



371,000 


25 

1 

197,000 

7850 

18 

25 

7 

281,000 

10,900 

17 

7 

137,000 

7750 

19 



156,000 


11 

8 

76,000 

6450 

20 

17 

2 

88,000 

5,120 



38,000 


21 

14 

0 

33,400 

2,390 



16,000 


22 



11,100 




4,800 


23 



9,800 




2,000 


24 



21,800 




2,400 



Original sample, 4720 units per microgram of N 
* The two phases were chloroform and 0 G m phosphate buffer, pH 4 40 


the two phases The distribution pattern is shoivn m Fig 4, there was 
onlj’’ appi oximately 0 2 pei cent of xanthomycin B present in the material 
The remainder of the combined fractions was used to prepare the reineck- 
ate as follon s The yellow aqueous solution was concentrated to 50 ml and 
a saturated solution of ammonium remeckate in water was added drop by 
drop until a precipitate no longer formed The precipitate which iias 
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partially crystalline was collected and dned It weighed 170 mg and had 
a potency of 383,000 units per mg The remeckate ivas recrystallized by 
dissolvmg It in a minimum amount of 95 per cent ethanol at 50® and allow- 
ing the solution to cool slowdy The recrystallized product was m the form 
of needles and its potency was 460,000 units per mg After a second recrys- 
talhzation the potency had mcreased to 490,000 units per mg and it was 
not changed by a third recrystalhzation The final yield was 70 mg of 
long orange needles, m p 165-170° (decomposition) It w’as quite insoluble 
m cold water, soluble m warm methanol, and very soluble in acetone 



Fio 4 Distribution pattern for \anthoraj cm A hj drochlondc (chloroform 0 3 it 
phosphate system, pH 4 25) 

Chemical analysis (Clark Microanalytical Laboratory) gave the followang 
figures 

CaHi-NiiOi,S«Cr Calculated C 42 64, H 5 37, N 15 70, S 11 OS 
Found “ 42 6S, “ 5 40, " 15 43, “ 12 10 

The calculated equn alent w eight of the antibiotic based on the sulfur con- 
tent of the Reinecke ion, which made up 30 per cent of the total weight of 
the remeckate, is 742 Results of diffusion rate determinations on \antlio- 
mycin A hj drochlondc by the method of McBam and Liu (7) mdicatc that 
the molecular weight is the same as the equi\ alent weight 
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A-notliei leineckate piepaiation of \anthomycm A was made in tlie same 
manner from tlie buffer fractious of Tubes 11 to 19 (Table V) After two 
recrystallizations from ethanol it had a potency of 490,000 units per mg and 
was apparently identical mth the fiist preparation 
Regeneration of Xanthomycin A Hydrochlonde from Crystalline Remeckate 
— A. 20 2 mg sample of ciystallme lemeckate of Aanthomycm A was dis- 
solved in 1 ml of methanol warmed to 50° A drop of concentrated HCl 
was added and the hydrochlonde was piecipitated by pounng 25 ml of 
anhydious ethei mto the methanol solution The precipitate was removed 
by centrifugation and was dissolved in a few drops of anhydrous methanol, 
from which it was again precipitated by the addition of anhydrous ether 
It was then filtered, washed intli anhydious ether, and dried in a vacuum 
desiccator 13 mg of the hydrochlonde with a potency of 565,000 units 
per mg were thus obtained The calculated potency of the hydrochlonde, 
based on the potency and composition of the leineckate, is approximately 
670,000 units per mg The discrepancy between the calculated and ob- 
served potencies cannot be entirely explained Although the discrepancy 
may be attributed in part to assay error, it suggests that there was a 
loss in activity upon regeneiating the hydrochlonde from the remeckate 
Xanthomycin A hydrochlonde was a yellow amorphous material very 
soluble in water and methanol It gave negative Sakaguchi, Mohsch, 
ninhydiin, and ferric chloride tests The mtroprusside test for sulfur on a 
sample fused with sodium was negative 
An absorption curve foi the hydrochlonde of xanthomycm A, read on a 
Beckman quartz spectrophotometer, is shoum m Fig 5 The curve shows 
two maxima, with the first at 264 to 267 mju and the second at 325 to 327 m/i 
Stability of Xanthomycin — ^The results of stabihtj'’ tests on xanthomycm 
are shown m Table VI The antibiotic was stable m acid solution and 
unstable at pH 6 0 There was no loss of activity when the antibiotic stood 
m 3 N HCl at room temperature for 1 hour Tl^ien the solutions were 
heated m a boiling water bath for 25 mmutes, there was a 90 per cent loss 
of activity at pH 6 0 and only 14 per cent loss at pH 1 0 
Comparison of Xanthomycins A and B — ^A crj>'stallme derivative of xan- 
thomycin B was not obtained The most puie prepaiations were yellow 
and had solubility properties similar to those of xanthomycm A Picrates 
of xanthomj'-cms A and B had similar bacterial spectra and were of equal 
toxicity to mice 

Bacterial Spectrum of Xanthomycin — A serial dilution type of assay was 
used m determining the bacterial spectrum of xanthomycm The medium 
was 0 75 per cent peptone and 0 25 per cent yeast extiact in distilled water, 
adjusted to pH 7 2 with NaOH The test oigamsms were gioivn on the 
same medium foi 24 hours and 1 diop of a 1 lO dilution of the cultures was 



C B THORNE AND W H PETERSON 


425 



Fig 5 Absorption spectrum of xanthomycin A hydrochloride (concentration, 
4 6 mg per 100 ml of water) 


Tabi/B VI 

Stability of Xanthomycin* 


Treitmcnt 


Activity lost 


ptT teni 


pH 6 0, boiling water bath, 25 min 


” 2 0 , 
» 1 0 , 

1 N HCl, 

2 “ “ 

3 “ " 

j II 11 
2 “ " 

3 “ “ 


« II ,1 25 

“ " “ 25 

II I, 11 25 

II It II 25 

11 ,1 II 25 


room temperature, 60 


GO 

60 


ti 

ft 

tt 


tt 

<1 

It 


90 

30 

14 

23 

27 

45 

0 

0 

0 


* The material tested was a mixture of approximatch 90 per cent of \anthom 3 cm 
A, 10 per cent of \anthom>cin B, and 0 1 per cent of the third component 


used to inoculate each assay tube containing 9 to 10 ml of the medium 
After the tubes had been meubated for 16 to 20 hours, the highest dilution 
of the sample causmg complete mhibition of growth as estimated b\ x isual 
inspection was recorded 
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TablC VII 

Anlibaclcnal Aclmly of Xanlhomyctn A Hydrochloride and Achnomyctn 


Organism 

Highest dilution of inhibition* 

Actmomycm 

Xanthomycin A hydrochloride 

S aureus H 

B sublilis II 

E coll H-52 
)S marcescens 

1 2 9 X lOMl 4 3 X lOT 

1 2 9 X lOMl 4 3 X lOT 

1 3 0 X 10‘ (1 6 0 X 100 

1 3 0 X 10< (1 6 0 X 100 

1 

1 5 75 X 10® (1 G 05 X 10») 

1 1 53 X 10® (1 3 0 X 10») 

13 0 X 10® (1 G 0 X 10®) 

1 G 0 X 10® (1 9 0 X 10®) 


* The figures in parentheses are the nc\t highest dilutions at which growth oc- 
curred 


Table VIII 


Bacterial Sjiectrum of Picraic of Xanthomycin {£05,600 Units -per Mg ) 


Organism 

Highest dilution of inhibition* 

Staphylococcus aureus H 

1 

3 0 X 10® (1 

4 0 X 10*) 

“ albus 

1 

2 4 X 10“ (1 

3 2 X 10®) 

Micrococcus subcilreus 

1 

2 4 X 10® (1 

2 S X 10®) 

" flavcscens 

1 

2 0 X 10® (1 

2 4 X 10®) 

Escherichia coll H-52 

1 

2 4 X 10® (1 

4 0 X 10®) 

Proteus vulgaris 

1 

2 4 X 10® (1 

2 S X 10') 

Scrrafia marcescens 

1 

4 0 X 10® (1 

SOX 10®) 

Acrobacler aerogenes 

1 

4 0 X 10® (1 

4 0 X 10’) 

Salm mclla galhnarum 

1 

2 4 X 10® (1 

4 0 X 10®) 

Alcaligcnes viscosus 

1 

4 0 X 10’ (1 

SOX 10’) 

Sarcina lulca 

1 

4 0 X 10’ (1 

6 0 X 10’) 

Bacillus sublilis I 

1 

2 4 X 10® (1 

2 S X 10®) 

“ myroides 

1 

2 8 X 10’ (1 

3 2 X 10’) 

" vicscntericus 

1 

4 0 X 10® (1 

SOX 10®) 

" megatherium 

1 

4 0 X 10® (1 

4 0 X 10’) 

" cereus 

1 

2 4 X 10® (1 

2 S X 10®) 

“ mger 

1 

2 0 X 10® (1 

2 5 X 10*) 

“ b reins 

1 

4 0 X 10® (1 

4 0 X 10’) 

“ albolaclis 

1 

4 0 X 10® (1 

4 0 X 10®) 

“ giavcolcns 

1 

4 0 X 10® (1 

4 0 X 10®) 

“ fusiformis 

1 

8 0 X 10’ (1 

1 2 X 10®) 

“ vulgatus 

1 

2 0 X 10’ (1 

4 0 X 10’) 

“ subniger 

1 

4 0 X 10’ (1 

SOX 10’) 

Mycobacterum tuberculosis (avian) 

1 

2000 


" ” (BCG) 

1 

2000 


" " (TB-1) 

* n'Urv .1 

1 

2000 



* The figures m parentheses are the next highest dilutions at which growth oc 
curred 


The hydrochloride of \anthomycin A, regenerated from the ciystallme 
remcckate, and crystalline actmomycm were compared as to their activities 
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agamst four organisms The results are shown in Table VII Against 
Staphylococcus aureus H xanthomycm A was 19 tunes as active as actmo- 
mycm and against Eschenchm coh it was 100 times as active 
A picrate which was prepared from some antibiotic matenal that had 
not been separated into its components and which had a potency of 293,500 
units per mg was tested agamst twenty-six organisms The results are 
shown m Table VIII The organisms mcluded seventeen species of Gram- 
positive bacilh and micrococci, six Gram-negative species, and three strains 
of Mycdbaclcnum tuberculosis The antibiotic was particularly active 
agamst the micrococci, the effective dilutions for mhibitmg grondh ranged 
from 1 2 0 X 10® for Micrococcus fiavescens to 1 2 4 X 10® for Staphylococ- 
cus cHhus Gram-positive bacilli were inhibited at dilutions ranging from 
1 40 X 10^ ioT Bacillus graveolem to 1 24 X 10® for Bacillus subiilis I 
The matenal was effective agamst Gram-negative organisms at dilutions 


Table IX 

Intravenous Toxicity of Xanthomycin A Hydrochloride to Mice* 


No ofxmce 

i 

Total No dead at 

No of 



24 hn 

48 hn ' 

72 hrs 

survjvors 

4 1 

until 1 

14,460 

7 

25 6 i 

i 

2 

1 

4 

4 

0 

6 

7,232 

12 8 

1 

4 

5 

1 

8 

3,616 

6 4 

1 

i 6 

! 6 

2 

6 

1,808 

3 2 

0 

3 

3 

3 

3 

904 

1 6 

0 

0 

0 

3 


* Each of the mice weighed approximately 20 gm 


ranging from 1 2 4 X 10® for Escherichia coh to 1 4 0 X 10® for Scrratta 
marcescens The strains of Mycobaclenum tuberculosis were not mhibitcd 
at dilutions as low as 1 2000 

Tomcity of Xanthomycin to Mice — ^The results of mouse toxicity tests on 
xanthomycm A hydrochlonde regenerated from the crjstallme reineckate 
are shown m Table IX As little as 3 2 7 or 1808 units per 20 gm mouse 
was toxic The purest preparation of xanthomycm B was equallj' toxic 
when doses were expressed on the basis of units of antibiotic 

Obsewed symptoms usually mcluded labored breathmg, lethargy, ano- 
rexia, and muscular spasms Autopsies revealed normal organs with the 
exception of hemorrhagic lungs 


SUMMARY 

Two new antibiotics have been obtained from culture filtrates of an 
umdentified species of Strcptomyccs The two appear to be \erj similar 
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and because of their yellow color and source they were named xanthomycm 
A and xanthomycin B Xanthomycin A was obtained in the form of a 
crystalline reineckate, but xanthomycin B did not yield a crystalline deriva- 
tive Both of the antibiotics are solvent-soluble basic compounds active 
against Gram-positive and Gram-negative oiganisms, and both are ex- 
tremely toxic to mice Xanthomycin A hydrochlonde, regenerated from 
the crystallme reineckate, was toxic in amounts as low as 3 2 7 per 20 gm 
mouse 

The authors are mdebted to Pi ofessor Elizabeth McCoy and her research 
assistants, F R Hanson, who isolated the eulture, and Barbara Sargeant 
Mary A Roberts, and A P Saunders, who determined the toxicity Of 
xanthomycin to mice They also wish to aclcnowledge the assistance 0 £ 
H E Arkens in some of the experimental work and to thanlc Dr S A 
Waksman for a sample of actmomycm 
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Inositol was originally shown to be a lipotropic agent m rats maintained 
under special conditions (1) , the animals were depleted of fat and of B vita- 
mms by mamtenance for 3 weeks on a fat-free, high carbohydrate diet, 
and durmg a subsequent week fat synthesis was promoted by a supple- 
ment of B vitamins and a beef liver fraction Under these conditions the 
rats developed markedly fatty livers contaming large amounts of cholesterol 
These fatty hvers were produced despite the provision of choline, both m 
the hver fraction and as a supplement The accumulation of fat and 
cholesterol m the hver was prevented by administration of inositol The 
lipotropic action of inositol m rats has been confirmed by Engel (.2), by 
Forbes (3), and by Handler (4), and has been demonstrated m humans by 
Abels el al (5) 

Several explanations of the production of fatty livers resistant to choline 
but responsive to mositol have been offered In early ivork in this labora- 
tory, crude preparations of biotm appeared to be equivalent to the beef 
liver fraction m producmg the effect, the term “biotm fatty liver” v as used 
to describe the fatty hver responsive to mositol Subsequent investigation 
with pure biotm showed that this concept was erroneous (6), the biotm 
explanation has been fully cnticized by Best ct al (7) In several studies 
m our laboratory, attempts w^ere made to define further the dietary condi- 
tions necessary to cause fatty livers charactenzed bj a high cholesterol 
content (resulting from synthesis) and by resistance to choline By means 
of the same basal regimen, it was found that, when thiamine was the onlj' 
supplement, the fatty hvers were completely responsive to choline (S) 
With the addition of the other B vitamins increasmg resistance to choline 
and responsiveness to mositol were observed (8), the full effect was secured 
only w'hen beef liver fraction was furnished (6) Handler (4) concluded 
that the beef liver fraction could be replaced by biotm plus folic acid and 
has also stated that the effect w as due to a stimulation of food consumption 

In this paper further efforts to explain the production of fattj In ers 
showmg resistance to cholme and responsiveness to mositol are reported 
liSTiile it was found that the beef hver fraction could be partialh fraction- 
ated, further work along this Ime appeared to be unnecessary because of 
results obtamed with pure substances 
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Methods 

The rats used weie Wistar stiain animals of both sexes reared in the 
colony of the Connaught Medical Research Laboratories After attaining 
an average weight of 90 to 100 gm , they were provided with a fat-free, 
high carbohydiate diet containing no source of B vitamins (9) At the end 
of 3 weeks, having decreased in body weight by approximately one-third, 
the animals were divided into strictly comparable groups of generally ten 
rats, except m some cases when nine were used During the subsequent 
week, various supplements weie administered to different groups Each 
rat was given the basal B vitamm supplement daily by subcutaneous in- 
3 ection and received the following amounts thiamme hydrochloride 25 y, 
riboflavm 25 y, pyndoxme hydrochloride 40 y, calcium pantothenate 
100 y, p-ammobenzoic acid 100 y, and nicotmic acid 100 y The additional 
supplements under investigation were provided orally, mixed with the food, 
and the dosages w^eie as follows choline 20 mg , inositol 25 mg , folic acid 
5 y, biotin 5 y ^Vhen abnormal quantities of B vitamins w'ere given, the 
following amounts w'eie provided in the food in addition to the injected 
basal amounts thiamme 75 y, riboflavm 430 y, calcium pantothenate 2 4 
mg , and nicotinic acid 6 5 mg 

The beef liver fraction, similar to that used previously (10), w'as obtained 
from the Connaught kledical Research Laboratoiies and the procedure of 
Hutchings cl al (11) w^as adopted in the prepaiation of nont eluate frac- 
tions fiom it Crude liver fraction was diluted, adsoiption on Pfanstiehl 
noiit A w^as earned out at pH 3 0, and aftei w'ashmg the nont with 50 per 
cent ethanol, it w^as eluated twice at 70° wuth ammonia-ethanol solution 
The combined eluates w^ere finally concentiated in vacuo to the origmal 
volume of the liver fiaction The filtrate obtained after separation of the 
nont w'as neutialized and concentrated to appropriate volume The daily 
dosage of these piepaiations w^as 2 cc per lat 

At the end of the test w^eek each animal received an intraperitoneal in- 
jection of nembutal, the livers were removed, and the crude fatty acids of 
the livers and carcasses were determined by methods described in previous 
publications (9, 12) In all cases, analyses w’^eie made on the pooled livers 
and pooled carcasses for each group The total cholesterol content of the 
petroleum ether extracts was estimated by a modification of the procedure 
of Schoenheimer and Sperry (13) Data for carcass fats aie not mcluded 
in the reported lesults because they are not pertment to the discussion 
All data for liver hpides are results obtained by the analysis of tissues pooled 
for each group of animals The figures presented have been selected as 
typical from a much larger series of similar observations 
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Results 

Typical effects on hver Iipides caused by feeding vanous beef liver prep- 
arations in one of several experimental senes are given m Table I Atten- 
tion IS drawn to the charactenstic effect of the liver fraction in causing h\ers 
high in fat and in cholesterol despite the supply of cholme, both m the 
fraction and as an additional supplement Throughout these studies, the 
criterion of potency has been the ability to produce fatty livers nch in 
cholesterol when cholme was supplied It is apparent that the eluate 
fraction exhibited effects very similar to those obtamed when the original 


Table I 

Effects 0 / Beef Liver Fractions, Biotin, Folic Acid, and Abnormal Amounts of 
B Vitamins on Rat Liver Lipidcs 





Liver 



Supplements 







Crude fatt> acids 

I Cholesterol 


ms 

per ceni 

per cent of 
Group /• 

ms 

per cent 

per cent of 
Group 1 

Original liver fraction, cholme 

2170 

21 1 

100 

125 

1 21 

100 

(Group I) 

Original hver fraction, choline. 

456 

5 8 

21 

25 

0 33 

20 

inositol 

Liver eluate, choline 

2078 

25 3 

96 

93 

1 14 

74 

" filtrate, choline 

1170 

15 6 

5i 

63 

0 84 

50 

Folic acid, cholme 

635 

11 1 

29 

26 

0 46 

21 

“ “ biotin, cholme 

993 

14 8 

46 

41 

0 61 

33 

Additional B vitaniins, cholme 

1303 

18 3 

60 

49 

0 70 

39 

" “ “ biotm, folic 

^ 21S5 

25 7 

101 

94 

1 10 

75 

acid, choline 

Additional B vitamins, biotm, folic 

1 546 

! 9 1 

25 

28 

0 47 

22 

acid, cholme, inositol 

i 







* Values in these columns are calculated by the equation, 

Average weight of liver fatty acids or cholesterol in particular group ^ 
Average weight of hver fatty acids or cholesterol in Group I 


material was provided The filtrate preparation contamed some actmty 
and it IS obvious that adsorption had not caused complete fractionation 
The activity of mositol, particularly on liver cholesterol, is clearly endent 

Smee Handler had reported (4) the joint efficacy of biotm and folic acid 
in simulating the action of the liver fraction, the effects of feeding this 
combmation were examined The results of a tj’pical experiment m this 
senes are reported in Table I 

It IS clear that the administration of folic acid as sole repheement for 
hver fraction did not result in the development of fatty livers vnth the 
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characteristics of the “liver fraction fatty liver ” The hpide accumula- 
tion obtained vhen biotin and folic acid were both provided with choline 
did not contain as much fat nor as high a propoition of cholesterol as was 
obtained voth the use of hvei fractions The piesent evidence does not 
substantiate Handler’s conclusion (4) that the action of liver fraction m 
these e\penments can be duplicated by administeimg biotm and folic acid 
without othei additional measures 

Although the basal B vitamin supplement would be expected to be 
adequate undei most conditions, it seemed reasonable to investigate the 
possibility that the additional quantities of vitamins provided by the liver 
fi action ivere i elated to the effects obtained Consequently, the activity 
of furthei dietaiy supplements (equivalent to the vitamin content of the 

Tablc II 


Fffccls of Rcslrtcled Food Intake on Lticr Ltpidcs 


Group 

iNO 

Supplements’ in addition to 
basal B vitamins 

.... 1 

WciRbt 

gain 

rood 



Lner 



in test 
iseek 1 

consun\p 

iion 

1 

Weight 

Crude fatty 
acids j 

Cholesterol 



i SW 

! [tn per 
\ rat per 

Sn 

ms 1 

percent 

ms 

per eert 

i 

1 

1 

Biotm, folic acid, 

i 

30 

day of test 

10 S 

7 1 

j 

1073 1 

15 1 

43 6 

0 61 

2 

chohne 1 

Biotm, fohe acid, addt- ; 

1 

26 

10 2 j 

1 

7 0 

1 

1675 

1 

1 22 2 

SI 0 

1 07 

3 

tional B vitamins, 

1 choline ' 

1 It 

1 

1 i 

1 38 

1 

12 1 

9 5 

i 

1 

2335 

24 G 

1 

1 

117 5 

1 24 


* The animals were fed ad hbiluni with the exception of the members of Group 2, 
they were permitted only as much food as the members of Group 1 on the correspond- 
ing day of the test 


hvei piepaiation and given m detail undei “Methods”) of thiamme, ribo- 
flavin, calcium pantothenate, and nicotinic acid were tiied The results, 
reported in Table I, show that feedmg of additional amounts of these four 
factois failed to produce the same effects as the liver piepaiations, although 
the quantity of fatty acids was moie sunilar than w'lth other supplements 
Howevei, when biotm and folic acid, as w^ell as additional thiamine, nbo- 
flavin, pantothenate, and nicotinic acid w^eie pio\uded, the liver lipide re- 
sponses weie veiy similai to those observed subsequent to livei supple- 
mentation The results of one of five similar expeiiments aie reported m 
Table I Even wuth generous provision of choline, fatty livers containmg 
a high proportion of cholesterol w^eie obtained The final line m Table I 
shows the lipotropic effect of inositol on the fatty liver produced by givmg 
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biotin and folic acid in conjunction with abnormal amounts of other B 
vitanuns 

Under the special conditions of our e-qienments, the animals evhibit a 
distmct need for dietary mositol for hpotropic purposes Because Handler 
(4) has suggested that this augmented need for mositol is related to tem- 
porary stimulation of food consumption, an experunent was carried out in 
which the animals receiving biotm, folic acid, and the additional quantities 
of the other B vitamms were given only as much food as animals de\ elop- 
mg fatty livers which were much more responsive to cholme, that is, animals 
without the augmented amoimts of B vitamms The results are descnbed 
in Table II A comparison of Groups 1 and 2, which had appro amatelj 
the same amount of food, mdicates that restriction of food consumption in 
Group 2 did not elimmate the effects of the additional vitamin factors on 
the hver hpides, but it is evident that food mtake also had an effect in 
producmg the high cholesterol fatty liver resistant to choline 

DISCUSSION 

Under the conditions of our experiments, fatty livers are produced in a 
few days by the rapid synthesis of fat, presumably from carbohjdrate 
When thiamme is the only B vitamin supplement, the hver fat can be 
mamtamed at a normal level by supplymg one lipotropic agent, cholme 
(8) The addition of other B vitamms causes fatty livers which are not 
completely responsive to cholme but which are amenable to cholme and 
mositol The most marked resistance to cholme was observed previouslj’’ 
(10) when a beef liver fraction was added to the vitamm supplements, this 
observation was made when pure biotm and folic acid were not available 
The hypothesis that the hver fraction was active because of its biotm con- 
tent was found to be untenable (5) The suggestion of Handler (4) that 
biotm and fohc acid, given with customary amounts of other B mtamms, 
will sunulate the hver fraction has not been confirmed by us The question 
as to whether the activity of the hver fraction is due to an unidentified 
constituent or to its supply of extra amounts of a number of B vitamms 
appears to have been settled m favor of the latter explanation and further 
fractionation of the liver preparation seems unnecessary All of our obser- 
vations mdicate that a fatty hver, at least of the type produced bj in luo 
fat synthesis, is made resistant to cholme and responsive to mositol bj m- 
creasmg the mtake of B vitamins, both m kmd and m quantity 

No clear explanation is available as to why liver fat can be demobilized 
by cholme alone under some circumstances and whj' mositol must be pro- 
vided under other conditions Presumabl}' both substances arc lipotropic 
because they promote the formation of phospholipides We suggested (6) 
previously that different fatty acids maj be mvohed, no further mforma- 
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tion on this point is available In every experiment in this laboratory 
mositol has exerted a greatei effect on liver cholesterol than has choline and 
we have observed instances in Avhich inositol has markedly reduced liver 
cholesterol without any definite effect on fatty acids Handler (4) has 
suggested that a laige mciease in food intake, with a surge in fatty acid 
synthesis, may be the factor causing choline resistance and mositol re- 
sponsiveness Pail feeding tests, of which a typ-cal one is reported above, 
show that food consumption is a contributmg factor but there is also a 
specific effect fiom the B vitamin supplements 

SUMMARY 

Fatty liveis occurrmg m cholme-fed lats and susceptible to inositi 
have been produced in animals mamtamed on a fat-fiee, high-carbohydiat 
diet by supplymg (a) crude beef livei fiaction, (h) liver fraction eluate, c 
(c) biotin and folic acid with abnoiTnal amounts of othei B vitamin: 
Biotin and folic acid did not exhibit this effect unless the amounts of othe 
B vitamins weie abnonnal The action of the first two supplements : 
apparently explamed by the thud The combined supplements have 
specific effect which is augmented by an mcreased food consumption 
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The study of zme metabolism m experimental animals and humans is 
uependent upon a reliable analytical method Numerous methods, gravi- 
metne, turbidimetnc, and colonmetnc (1), have been tried and found 
wanting Fischer (2) first mtroduced diphenylthiocarbazone (dithizone) 
for the analysis of metals with relation to industrial processes This 
organic dye combmes with a number of the heavy metals (Sandell (3)) 
The combination is selective for any one metal, depending upon the pH 
of the solution containing the metals, and the presence of salts which form 
complexes with other metals in solution It was not until 1937 that 
Fischer and Leopoldi (4) adapted the dithizone method to the analysis of 
inorganic zinc Holland and Ritchie (5) and Con ling and Miller (6) 
used this dye for zinc analyses in plants, and Hove el al (7) in the measure- 
ment of carbonic anhydrase The procedure employed by these authors, 
however, mvolved a prelimmary extraction of other metals, principally 
copper, and a final extraction of zinc Gettler (8) simplified the method 
by the use of a buffered solution of complex-forming salts, obviating the 
preliminary separation We have further refined the method to obtain 
greater accuracy in the analysis of the zinc content of samples of whole 
blood, plasma, erythrocytes, and leucocytes and samples of tissue Sam- 
ples of the size which can be practicably obtained may contain as little as 
I +0 5 7 of zinc 

Dip. enylthiocarbazone has the following structural formula 

. NH— NH— CeHs 

/ 

S=C 

\ 

N=N— C.H, 

The dye is soluble in chloroform and carbon tetrachloride and insoluble 
m w ater It decomposes m aqueous alkaline solutions \\ hen dissoh ed 

• The studies reported herein were supported by a grant in aid from the National 
Institute of Health 
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in chlorofoim or carbon tetracliloiide, the dye is dark green in tiansmitted 
and Bordeaux red in reflected light It does not fade on standing when 
stored m the dark at 4° Wlien exposed to sunlight the dye is oxidized, 
with the production of a yellow color 

At pH 5 5 and in the presence of a tartiate solution and complex-forming 
buffer , dithizone combines with zinc in stoicluometiic proportions to form 
zinc dithizonate, but does not combine with othei metals which may be 
piesent The completion of this leaction is accompanied by a change of 
color of the dithizone fiom green to bught red In routine extraction of 
samples this coloi change occuis slowly and appears to pass through an 
intermediaiy purple stage In our experience, this coloi change takes 
place moie rapidly when the dye is dissolved in carbon tetrachloride than 
in chloroform 

In procedures previously desciibed, an excess of dithizone was added to 
msuie the combination of all the zinc with dye The excess dithizone was 
removed from the extracted zmc dithizonate bj' washmg with dilute am- 
monia This step, however, may mtroduce a considerable error because 
it IS extiemely difficult to deteimine the end-point of the washing process 
In the technique described, the excess dithizone is not removed The 
amount of zinc dithizonate present is detei mined by colorimetry at two 
ciitical ivave-lengths, as described below 

Reagents — ^All reagents must be absolutely zinc-free The best grade of 
chemically pure reagents should be obtained and, in oui experience, even ^ 
these may contam zinc m amounts sufficient to result in significant errois 
in the lange of zmc content in which we are interested Reagents there- 
fore may requiie purification, as described below 

1 Diphenylthiocarbazone (Eastman Kodak) 100 mg are dissolved 

in 1000 cc of carbon tetrachloiide, c p Tins stock solution is diluted to 
1 mg pei cent foi the extraction of very small quantities of zmc (1 to 20 
t) This solution should be stored at 4-6” and protected from sunlight 
at all times No observable change in the solution occurs on standing at 
room tempeiature for a few hours 7 

2 Buffei solution 556 gm of Na^SzOa, c p > 90 gm of CjCOONa, c p , 
and 10 gm of KCN, c p , are dissolved m 1000 cc of zinc-free water The 
solution IS then titrated wnth 15 N CH3COOH to an approximate pH of 
5 5, With methyl red as an indicator A final adjustment to pH 5 5 is then 
made ivith a sensitive pH meter The solution is then made up to 2000 
cc wnth zmc-free water in a volumetric flask The buffer is then shaken 
wuth dithizone in carbon tetrachloride to remove any contaminating zinc,\^ 
the extraction being repeated in a 500 cc separatory funnel until the 
dithizone remains a clear green 

3 Tartrate solution A 20 per cent solution of NaKC4H406 4 H 2 O,/ 
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c p , IS made up with zmc-free water The solution is extracted inth 
dithizone as m ( 2 ) 

4 0 1 N NHjOH, c p 

5 Concentrated NH«OH, cp 

6 Methyl red indicator, 1 100 alcoholic solution 

Cleaning of Glassware — Pyrex glassn^are must be used throughout the 
procedure smce ordmary soft glass contains zmc Particular precautions 
must be observed to prevent contammation with zmc All glassware, 
mcludmg separatory funnels, transfer funnels, volumetric flasks, beakers, 
transfer and capillary pipettes, colonmetnc tubes, test-tubes, and synnges 
for drawmg blood, is washed with soap and water, rinsed w'lth smgle 
distilled HjO, and then immersed m a bath of 2 n HNOj for a mmimum of 
6 hours, preferably overnight On removal from the acid, the glassware 
IS rmsed with zinc-free water, to w'hich a few drops of methyl red have 
been added, until disappearance of the mdicator’s red color demonstrates 
the removal of all acid Satisfactory zmc-free water may be obtained by 
double distillation, the second of which is done m an all-Pyre\ glass still 
Previous to use, separatory funnels are then shaken (several times if neces- 
sary) with about 20 cc of buffer solution and about 5 cc of 1 mg per 
cent dithizone solution, until the dithizone m the funnel remains green 
The dithizone is discarded An identical procedure is employed for clean- 
mg volumetric flasks In addition, flasks are then rmsed with 0 01 N 
NH4OH until yellow to methyl red This msures that the pH of any 
residual rinsing water will be withm the range of alkalmity at which the 
extracted zmc dithizonate is not affected 

For routine diy ashmg of blood samples which contain only a total of 
from 1 to 20 7 of zmc, platinum crucibles must be used In this range 
porcelam, Vicor, Pyrex, and quartz crucibles have been found imsatis- 
factory, smce apparently all contain mmute quantities of zmc They 
may be used safely for tissue samples, provided the aliquots are large 
enough so that the error mtroduced is negligible Both platinum and 
porcelam crucibles are cleaned bj boilmg 2 n HCl m the vessel for at least 
30 minutes, after w'hich they are rmsed several times with zmc-free water 

i 

Method 

We have routinely analyzed whole blood, erythrocyte, leucocj'te, and 
plasma fractions thereof ( 9 ), and simples of mtemal organs, bone, and 
urme The matenal is placed m the crucible and slow ly evaporated on a 
jhot-plate until almost dry The crucible is then placed m an clectnc ov en, 
at room temperature, and the furnace temperature raised to 600® Com- 
plete ashing requires from 12 to 24 hours 

The ash is boded m the crucible on a hot-plate with 15 to 30 cc of 2 



438 


MICRODETERMINATION OF ZINC IN BLOOD 


N HCI until completely dissolved, the amount of acid used depending on 
the quantity of ash The dissolved ash is evaporated to a volume of 
about 5 cc and is then transferred to a 125 cc Squibb separatory funnel 
by repeated washmg with small portions of hot zmc-frec water Wien 
analyzing tissue samples containing more zinc than blood samples, it is 
desirable to bring the acid-ash solution up to 25 or 50 cc in a volumetric 
flask and extiact a fiaction theieof 

2 cc of the tartrate solution, together with 2 drops of methyl red, are 
added to the acid-ash solution in the separatory funnel Stop-cocks are 
greas '"nth silicon The contents of the funnel are then titrated vith 
N ' * a H2SO4 to pH 5 5, at which methyl red has a peach color 

50 cc of buffei aie added and the contents are alloucd to stand until the 
coloi has completely faded Dithizone in CCh (about 10 cc of a 1 or 10 
mg per cent solution, depending on the amount of zinc present) is added, 
and the funnel is shaken vigorously for about 2 minutes The dithizone 
in CCI4 solution is allowed to collect in the bottom of die funnel, the last 
diop IS shaken doivn, and the CCI4 phase is drawn off into a 50 cc volu- 
metric flask This procedure is repeated until the dithizone in the funnel 
remains a cleai green The sample in the volumetric flask is brought to 
volume with CCI4 Depending upon the quantity of excess dithizone 
present, the final color may be purple or have a greenish tinge 

Colonmelry — Dithizone in CCI4 has an absorption maximum at 620 m;z, 
zinc dithizonate has an absorption maximum at 520 m/i, but is transparent 
at 620 m/ll With the filters employed, the ratio of the relative optical 
densities of dithizone at 620 and 520 m/u has a numerical value of 4 65 
(see Fig 1) 

Readings are obtained on extracted samples at both 520 and 620 m/i 
with the Evelyn macro photocolorimeter (10) Since the galvanometer 
used has an optimal accuracy within the range of from 40 to 80 per cent 
transmission, the final dilution is made with CCI4 to insure readmgs falling 
within this legion 

The zinc content of samples is calculated from the equation 

I/M 

£,(L0 _ X D X iv 

f’i\ rr ^ 


in which 7i — total zinc in micrograms in c „ tire sample, L®*'’ = densit'^ 
(2 - log of the galvanometer reading) at 520 m;u, = density at 620 mA,' 
n = the ratio of density of dithizone in CCI4 at 620 m/ui and 520 m/n (r 
merical value determined as 4 65, see Table I) , D = the dilution fai, j 
with relation to the original volume (F), K = the calibration consl" J 
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(numencal value 40, see Table II), F = the volume m which all of the 
extracted zmc dithizonate is originally diluted 
The ratio of absorption of dithizone at 620 and 520 m/i {R m equation 
(1)) was determined as follows A solution of dithizone in CCk was 
prepared of such a concentration as to deflect the galvanometer to about 
10 per cent of the full scale at 620 m/i A senes of dilutions was then made 
from this so that m the lowest concentration the galvanometer registered 
about 80 per cent transmission The senes was then read at both wave- 



Fig 1 Absorption curves of dithizone and zinc dithizonate in carbon tetra- 
chloride 

lengths The data are given in^Tafale I In every instance the obsen ed 
value at 620 mp was withm 2 1 cent of the value to be expected from the 
onginal concentration anu dilutiG factor Values for R axeraged 4 65 
± 1 per cent 

• Calibraiton — ^A stock s65?J'U of zmc chlonde was prepared by dissolnng 
10 mg of metallic zinc in concentrated HCl and making up to a final 
olume of 1000 cc From this solution a senes of standards containing 
1 im 4 to 50 y was prepared These standards were extracted as described 
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above, except that they were not dry ashed The total zinc dithizonate 
was made up mitially to 50 cc Further dilutions with CCh were then 
made to obtam galvanometer readmgs withm the optimal range of the 
mstrument The data obtamed are given m Table II. 


Table I 


Ralto of Absorption of Dithizonc at 620 mti and 620 mti 


Dilution factor 

Galvanom 

eter 

reading 

£«« 


R'= 

£«» 

LUO 



Deviation 

per cent 

per cent 



per cent 



0 

10 25 

0 989 




4 63 

0 50 

31 75 

0 498 

0 498 



4 67 

0 33 

47 00 

0 328 

0 330 

-0 6 

0 072 

4 60 

0 33 

46 00 

0 337 

0 330 

+2 1 

0 072 

4 70 

0 20 

63 75 

0 196 

0 198 


0 043 

4 63 

0 16 

69 60 

0 168 

0 158 

0 

0 034 

4 63 

0 10 

79 25 

0 101 

0 099 


0 021 

4 70 

Average 






4 65 ± 0 04 


Table II 


Calibration Constant for Zinc Dithizonate-Dithizone Solutions in CCU 


Total Zn 

Dilution 

factor 

Luo 

l,m 



K 

7 

4 


0 254 

0 305 

0 066 

H 

40 2 

10 

2 

0 321 

0 385 

0 083 


42 1 

20 

3 

0 382 

0 274 

0 058 

0 324 

41 1 

30 

4 

0 453 

0 280 

0 062 

0 393 

38 2 

40 

5 

0 462 

0 242 

0 052 

0 410 

39 0 

50 

5 

0 653 

0 211 

0 045 

0 508 

; 39 5 

Average 


1 

1 

i 



40 0 ± 2 0 


The value for K was calculated from equation (2), derived from equa- 
tion (1) 


Corrected L'”® X D 

The numerical value of K averaged 40 0 rt 2 0, oi ±5 per cent 
Inasmuch as this modification of the dithizone method was designed for 
the analysis of the zinc content of blood samples, it was necessaiy to deter- 
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mine to "what extent the accuracy of the measurement was affected by the 
dry ashmg process 

A stock solution of the ZnGs was made up to contam approximately 1 
7 of Zn per cc A senes of samples, m duphcate, was prepared containmg 
total quantities of 2, 5, 10, 15, 20, and 30 y of zmc These were extracted 
without diy ashmg The results are given m Table III The average 
value of Zn m nucrograms per ec was 0 95, with a standard deviation of 
0 05 This was taken as the correct concentration of the stock solution 

An identical senes was then dry ashed and extracted, the values ob- 
tamed also bemg given m Table III An average value of 0 97 7 of Zn 


Table III 

SlandoTdtzahon of Zinc tn Samples of Blood Components 


Amount 

analyzed 

StocL 

solution 

Stoct solu 
tion dry 
ashed 

Dry ashed 
with white 
cells, aSIly 

Dry asbed with red 
cells, 3 69 T 

Dry ashed With 
plasma, 4 297 

CC 

iotal 

y 

y 

per 

'C 

iolal 

y 

7 

per 

cc 

total 

y 

net y 

y 

per 

cc 

total 

y 

net y 

7 

per 

cc 

total 

y 

net y 

t 

per 

ce 

2 

1 

63 

0 

81 

1 

79 

0 

89 

2 

75 

2 

17 

1 

08 

6 

39 

2 



35 

6 

71 

2 

42 

1 

21 

2 

1 

76 

0 

88 

1 

77 

0 

88 

2 

31 

1 

74 


87 

5 

53 

1 

83 

s 

91 

6 

11 

1 

82 

0 

91 

5 

4 

86 

0 

97 

5 

14 

1 

00 

5 

46 

4 

89 

0 

97 

8 

54 

4 

85 

0 

97 

8 

91 

4 

61 

0 

92 

5 

4 

81 

0 

96 

5 

08 

0 

99 

4 

92 

4 

35 

m 

87 

9 

m 

5 

33 

1 

06 

8 

68 

4 

39 


88 

10 

9 

9 

0 

99 

9 

99 

0 

82 

m 

67 

m 


1 


12 

37 

8 

68 

! 

86 

14 


9 

79 

0 

98 

10 

9 

88 

0 

98 



1 

06 







12 

69 

8 



88 







15 

14 

80 

0 

98 

16 

14 

1 

05 







17 

48 

13 

i 


92 

20 

86 

16 

57 

1 


15 

14 

36 

0 

96 

15 

52 

1 

00 







18 


14 

39 

1 

96 

19 

72 

16 

44 

1 

00 

20 

19 

27 

0 

96 


m 

0 

99 

19 

m 

19 


0 

96 

23 


18 

89 

1 

93 

25 



75 

1 

00 

20 

19 

nw 

0 

95 

19 

83 

0 

99 



















30 

29 

18 


m 


88 

0 

99 







31 

36 

27 

67 

0 

95 

go] 

El 

25 

79 

1 

29 

so 

29 

18 

0 

_ 

99 


21 

1 

00 




















Mean* 

8 D ,0- 


0 95| 
±0 051 


0 97 
±0 069 


0 961 
±0 OS 


0 98 
±0 112 ! 


0 93 
±0 155 


' Over all mean = 0 96, over-all s n , <7 = ±0 09S5 


per cc , with a standard deviation of 0 07, was obtained, indicating that 
there V as no loss of the metal m the ashmg It mil be noted that m both 
senes the values for the 2 7 standards nere low by about 10 per cent, 
averaging 0 86 7 per cc This apparent loss probably is due to slight 
errors m colorimetry, since similar low values were not obtamed m the 
senes descnbed below 

Three additional senes v ere processed, m which known amounts of zmc 
(2 to 30 7) were added to samples of separated canine white cells, red cells, 
and of plasma In each senes the cells and plasma were obtained by 
floatation of 10 cc aliquots of the same blood Indmdual floatations 
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were done for each standard, and hence the amount of zinc due to cells 
and plasma was the same at all concentrations of zmc The total amount 
of zmc m the red and white cells and plasma was determined, m duplicate, 
and the average value subtracted from the total zmc found m the several 
standaids, to obtain the net amount of zinc recovered Data are given 
in Table III The average net zinc recovered (in micrograms per cc ) 
and standard deviation was 0 96 =b 0 OS, 0 98 ± 0 112, and 0 93 rfc 0 155 
7 , m the white cell, red cell, and plasma senes, respectively These 
values compare ivell with those found for the senes that did not contain 
cells or plasma 

These experiments constitute a check on the over-all accuracy of the 
procedure, from the separation of cells and plasma from whole blood to 
the final colorimetiic measurement It would appear that the limit of 
error lies vnthin ±5 per cent 

As a check on the absence of contamination of all glassware with extrane- 
ous zmc, we have found it desirable to deteimme a 5 or 10 7 standard with 
each day’s set of extractions This extraction is carried out with a random 
selection of crucibles, separatory funnels, volumetric flasks, pipettes, etc 
Results obtained in fifteen consecutive analyses of such standards show a 
mean value of 9 82 7 , with a standard deviation of ±0 65 The narrow 
limits of erior found reflect the degree of pievention of contammation m 
all stages of the procedure 

Since our investigation of zmc metabolism involves the use of the radio- 
active isotope of zmc, Zn®®, it is desirable that measurements of both total 
and ladioactive zinc be made on the same blood or tissue sample To 
effect the conveision of zmc dithizonate to a water-soluble zinc salt, all 
of the exti acted zinc dithizonate is returned to a clean separatory funnel, 
a drop of concentrated H2SO4 is added, followed by 10 cc of water, and 
the funnel is shaken until all the zinc has gone into the aqueous phase, 
as evidenced by the return of the caibon tetrachloride phase to the green 
color of dithizone We have found this method satisfactory in the analj’^sis 
of blood and tissue samples m dogs ( 11 ), in noimal humans ( 12 ), and in 
the leucemias,^ blood dyscrasias, and various other pathological con- 
ditions 

SUMMARY 

A modification of the dithizone method of extracting zinc from blood 
and tissue samples is described The proceduie permits of accurate 
assay of total zmc content of samples in amounts as small as 1 7 

We vush to acknowledge the technical assistance of Miss Mary L. 
Roney. 

* Gibson, J G ,2nd, and. Vallee, B L , m preparation 
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THE ZINC CONTENT OF NORMAL HUMAN WHOLE BLOOD, 
PLASMA, LEUCOCYTES, AND ERYTHROCYTES* 
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{From the Medical Clime of the Peter Beni Brigham Hospital, the Department of 
Medicine, Harvard Medical School, Boston, and the Department of Physics, 
Massachusetts Institute of Technology, Cambridge) 

(Received for publication, July II, 1948) 

The hterature contains few references to the quantitative determination 
of zmc m human blood It is difficult to compare the scant data which 
are available because of the divergence of the methods used and of the 
imits m which different authors chose to express their results (1-5) 

It became apparent in the pursuit of our work on zinc m leucocytes and 
red blood cells, prelimmaiy reports of which have appeared elsevhere 
(6-8), that the data available in the hterature did not offer an adequate 
pomt of reference for our studies A technique was developed (9) for the 
microanalysis of zmc m biologic matenals This method is sensitive for 
quantities as small as 1 7 (microgram) and its limits of precision are de- 
fined by a standard deviation of ±10 0 per cent This technique vas 
employed throughout our work 

Arc spectrography' of leucocytes and erythrocytes had demonstrated 
that, for equal numbers of cells, zmc was present m higher concentration 
in leucocytes than m erythrocytes We therefore decided to examine 
whole blood, plasma, washed eiythrocytes, and washed leucocytes sepa- 
rately for their zmc content 


Method 

Venous blood samples were drawn into a 20 cc zinc-free syringe (9) 
which had previously been wetted with heparin Red and white blood 
cell counts were done m standard hemocjdometers, in duplicate Onlj 
counts agreemg within 5 per cent were accepted Hematocrits were 
carried out m Wintrobe tubes, spinning 30 minutes at 3000 n p m Hemo- 
globin was determmed by the method of Eveljm (10) Differential counts 
of leucocytes were made from smears stained wath Weight’s stain, 300 
cells bemg counted 

A separation of red cells, white cells, and plasma was performed bj the 

* This study was supported by a grant-in aid from the National Institute of 
Health 

* Through the courtesy of Dean George R Harrison and Mr Rockwell Kent, 3rd, 
Massachusetts Institute of Technologj 
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flotation technique (11) All of the sepaiated leucocytes were removed 
fiom the flotation tube and washed in a 0 02 per cent saponin solution m 
0 85 pel cent NaCl, until all entiained red cells had been removed, as 
evidenced by the absence of hemoglobin m the supernatant washing 
Zinc analysis was earned out on the entire mass of washed white cells 

A portion of the red blood cells was transfen ed from the flotation tube 
to a centrifuge tube and washed in 0 85 N saline by centrifugation The 
washing was discaided, and an aliquot of the packed cells uas transferred 
to a 4 cc hematoent tube and made up to volume with 0 85 per cent NaCl 
solution The quantity of cells was such that the final hematociit uas 
about 30 Two fuither washings ueie perforaied, in the 4 cc tube, and 
from the thud and final dilution a led blood count (in duplicate), hemato- 
crit leading, and hemoglobin determination were obtained The duplicate 
red blood counts weie lequired to check within ±5 per cent These 4 
cc samples of red blood cell suspensions were the final aliquots used for 
analysis 

The measuiement of the zinc content of whole blood, plasma, leucocyte, 
and er^dhiocyte samples uas performed as pieviously described (9) 
Routinely 2 cc of whole blood and 3 cc of plasma u ere analyzed 

Calculation of Results — Zinc concentiations in whole blood and plasma 
were expressed in microgiams pei cc analyzed Since volumetric measure- 
ment of white cells (by hematocrit) was impractical, due to the limited 
mass of white cells obtainable and the laige vaiiation m dimensions of the 
vaiious classes of uhite cells, unit zme concentrations for leucocytes uere 
calculated in miciogiams pei million cells Unit zinc concentrations for 
red cells also were calculated in micrograms per million cells for compaiison 
with unit uhite cell zinc concentiations, and in microgiams per cc of 
packed cells Examples of calculations of results for leucocytes and 
eiythrocytes follow 

The total number of cells in the sample of leucocytes u as deteimined by 
multipljung the vhite cell count pei c mm by the number of c mm of 
whole blood floated For example, the white blood cell count = 1 X 10^ 
cells pel c mm , whole blood floated = 15 cc , total cells m 15 cc of uhole 
blood = 1 X 10^ X 1 X 10' X 1 5 X IQi = 150 X 10® cells, total Zn m 
sample = 3 0 7, Zn per 1 X 10® cells = 2 X 10-' 7 

The total number of led cells in the sample was determined by multiply- 
ing the red count of the final dilution of cells by the final volume of that 
suspension For example, the red blood cell count on final led cell dilution 
= 3 5 X 10® pel c mm , total cell suspension analyzed = 4 0 cc , thus 3 5 X 
10® X 1 X 10® X 4 = 14,000 X 10® cells, total Zn m sample = 17 5 7, 
Zn per 1 X 10® cells = 1 25 X 10"' 7 

The zinc m cc of packed cells was calculated on the basis of micrograms 
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of zinc per million cells, red blood cell count, and hematocnt of ivhole 
blood, as follows the red blood cell coimt on whole blood (undiluted) = 5 X 
10® per c mm , hematocnt of whole blood = 45 0 per cent, thus (1 25 X 
10-® X 5 X 10® X 1 X 10’)/(4 5 X lO"’) = 13 9 r per ml of packed cells 
As a check on the accuracy of the mdmdual measurements of whole 
blood, and the three blood components analyzed, an internal check i\as 
calculated for each blood sample The amount of zmc m 1 cc of whole 
blood due to the zmc content of white cells, red cells, and of plasma was 
calculated as follows (total Zn m all white cells analyzed)/(15 cc ) = Zn 
m 1 cc of whole blood due to leucocytes, ((Zn) /(million red blood cells)) 
X ((red blood cells)/( cc of whole blood)) = Zn m 1 cc of whole blood due 
to erythrocytes, Zn in 1 cc of plasma X (1 — (hematocrit)/100) = Zn m 
1 cc of whole blood due to plasma, = total Zn in 1 cc of whole blood 
The deviation of the total w'hole blood zinc so calculated and the directly 
determmed zmc content of whole blood was taken to be a measure of the 
over-all accuracy of the hematological procedures and of the prelunmary 
processmg, mcludmg dry ashmg, as well as the chemical analyses for zmc 
Material Studied — ^Thirty- one normal mdividuals, fifteen males and six- 
teen females, rangmg m age from 18 to 45 years, w'ere studied Repeated 
determinations were carried out m six of these subjects, bnngmg the total 
of smgle analyses to thirty-eight All blood samples were drawn in the 
mommg with the subject fastmg but not otherw ise imder basal conditions 
Each sample was analyzed for all of the data described above imder 
“Method ” In a few mstances one of the components was lost m proc- 
essmg 

In addition, five patients, with no apparent blood dyscrasias, on the 
medical wards of the Peter Bent Bngham Hospital, were studied One 
had a peptic ulcer, one had recovered from bronchopneumonia, one had 
milkman’s disease, one was compensatmg from congestive heart failure, 
and one was suspected of having a bram tumor 
Fifteen consecutive blood samples taken at 1 to 4 day intenmls from the 
same mdividual, Case 53, a 22 year-old normal male, w ere also analj zed 

Results 

Unit zmc content, as described above, for whole blood and its three 
components for the group of normals and the patients is given in Table I, 
and for the series m one normal person, m Table II Also shown m Tables 
I to IV are the means and standard devuations (s n ) for all unit zinc 
concentrations 

The values for the amount of zinc contained m 1 cc of whole blood due 
to plasma, leucocytes, and erythrocj''tes, calculated as described above, 
are shown for the normals and patients m Table III, and for Case 53 m 
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Table I 


Unit Values of Zmc Content of Whole Blood, Plasma, Leucocytes, and Erythrocytes 


E'tpenment No 1 

1 

Date 

Unit content by ditbizone extraction 

Whole blood | rinsma | Leucocytes 

Erythrocytes 

Norma! males 







yy.10- 

yXJ0-> 

/n 7 Per cc 




7 fier cc 

7 per cc 

per I XIO' 

per I XtO' 

Packed red 






cells 

cells 

cells* 

23-1 



7 7 

2 G 

1 2 

1 21 

13 2 

23-2 

' <( 

12 

9 2 

2 2 

4 2 

1 35 

14 7 

29-1 

' t( 

16 

7 6 

1 2 

1 6 

1 25 

16 4 

34-1 

tt 

26 

10 6 

4 3 

2 9 

1 41 

15 7 

36-1 

it 

28 

7 5 

3 2 

4 6 

1 20 

12 6 

73-1 

Sept 

11 

13 7 

11 4 

2 8 1 

1 20 

11 9 

80-1 


29 

6 9 

2 0 

2 2 

0 97 

9 1 

80-2 

Oct 

8 

8 1 

3 7 

6 5 

1 20 

12 3 

84-1 

tc 

2 

6 3 

1 9 

2 0 

1 30 

12 7 

85-1 

tt 

2 

7 0 

3 0 

1 8 

1 16 

12 2 

SS-1 

(t 

6 

9 5 

4 1 

1 9 

1 71 

17 0 

88-2 

C( 

20 

7 9 

1 7 

2 1 

1 19 1 

15 2 

89-1 

(( 

6 

83 

3 2 

4 7 

1 44 

16 6 

90-1 

<< 

7 

8 6 

4 1 

2 3 

1 20 

14 1 

99-1 

<( 

16 

9 1 

5 5 

1 4 1 

1 28 

13 6 

108-1 


24 

9 2 

3 8 

5 5 

1 69 

17 1 

109-1 

tt 

24 

14 8 

9 1 

2 3 

1 83 

18 3 

122-1 1 

Nov 

19 

9 3 

3 7 

1 


1 29 

18 4 

Mean 



8 9 

3 9 

2 9 

1 31 

14 2 

S D 



±2 0 

±2 5 

±1 5 

rtO 25 

1 

±2 3 


Normal females 


24-1 

May 12 

9 1 

3 0 

4 8 

■■■ 

13 8 

25-2 

June 26 

' 8 5 

! 3 4 

' 3 8 


13 6 

25-3 

Sept 26 

7 9 

2 2 

2 6 

1 36 

15 0 

26-1 

May 14 

8 5 

1 6 

3 5 

1 06 

11 3 

28-1 

“ 14 

9 1 

2 0 

2 9 

1 15 

13 5 

28-2 

Oct 3 

6 7 

1 3 

6 2 

1 30 

13 6 

31-1 

May 19 

8 7 

2 0 

4 2 

1 27 

13 8 

76-1 

Sept 18 

5 2 

1 5 


1 09 

16 1 

77-1 

“ 18 

7 6 

1 2 

1 7 

1 21 j 

12 5 

82-1 

Oct 1 * 


4 4 


1 60 

16 7 

86-1 

" 3 


4 8 


1 63 

17 1 

86-2 1 

« 9 

8 1 

3 2 


1 38 ’ 

13 9 

86-3 

Nov 5 

13 2 



1 54 

16 5 

87-1 

Oct 3 


4 6 


1 42 

12 8 

93-1 

“ 9 

11 6 1 

46 i 


1 54 j 

17 0 
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Experiment No 

i 

Date 


Umt content by dithizone extraction 



1 \Vhole blood 1 Plasma j Leucocytes [ Eothrocytes 

Normal females — continued 



mr 


7 per (C 

1 

y per cc 

yXl(r* 1 
per 1 X 10^ 
cells 

7 X 

per IXIO' 
cells 

Zn 7 per cc 
Packed red 
cells* 

100-1 

Oct 

17 

7 2 

2 3 

3 5 

1 24 

11 9 


If 

17 

8 6 

3 0 

4 2 

1 32 

1 14 2 


Nov 

4 

9 4 

4 2 

1 9 

1 17 

12 9 


it 

5 

10 4 

4 1 

4 6 

1 85 

18 4 

123-1 

tt 

19 

8 4 

1 2 


1 52 

15 5 

Mean 



8 6 

3 1 

3 5 

1 37 

14 5 

S D 



±1 8 

±2 0 

±1 2 

±0 195 

±1 9 


Total normals 


Mean 

1 

8 8 

3 0 ' 

3 2 

1 34 

14 4 

S D 


1 ±2 0 

1 1 

1 ±1 6 1 
1 1 

i ±13 ! 

±0 20 

1 

±2 7 

Patients with no blood dyscrasias 

30-1 M 

May 16 

8 6 

2 7 

6 5 

1 16 

13 8 

48-1 “ 

June 17 

8 1 

4 4 

4 3 

1 28 

13 3 

40-1 F 

“ 4 

8 5 

4 2 

2 0 

1 43 

14 9 

60-1 “ 

July 21 

12 3 

8 7 

2 4 

1 33 

14 6 

61-1 “ 

Aug 14 

9 6 

8 2 

1 6 

1 41 


1 

Mean 


9 0 

5 6 

1 

3 2 

1 32 

14 5 


* Corrected for mean corpuscular volume 


Table IV The total of the three values constitutes the “reconstructed” 
total blood zinc content 


DISCUSSION 

In the evaluation of the data presented above, the limitations of the 
vanous hematological techmques employed must be taken mto considera- 
tion The errors inherent m the chemical analyses for zinc ha\c been 
previously discussed (9) 

Since Ostwald pipettes were used for the vhole blood and plasma sam- 
ples, little additional error vas introduced m the preparation of these 
samples for chemical analysis 

The limited quantity of leucocytes obtamed from a routine sample of 
15 cc of blood precluded making a aolumetric measurement on these 
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cells It was not possible to make a final count on the leucocytes separated 
from heparinized blood because of clumping of cells, uhich pcisisted even 
after repeated washing with the saponin-sahne solution The “million 
cell unit” obviously reflects the eriois inherent in leucoeyte counts carried 
out in standard hemocytometers, although this cnor vas reduced by dupli- 
cate counting However, this unit allows conclusions as to the zinc con- 
tent of individual white cells, and is therefore of value in the study of 

Table II 

Uml Values of Ztnc Content of Whole Blood, Plasma, Lcucoci/tes, and Erythrocytes in 

Normal Individual {Case BS) 


Fifteen consecutive samples 


Experiment No 

Date 


Unit content by dithizonc extraction 


Whole 

blood 



Erjthroc>tc5 



V ptr u 

y per cc 

yXl<n 
per 1 X m 

yX]D-> 
per I X lO* 

yee 

packed red 
cells’ 

15 7 

1 

HMH 

8 4 

3 3 

cdls 

1 2 

celts 

1 48 

2 


8 3 

5 2 

2 2 

1 37 

14 5 

3 

“ 4 

9 3 

C 0 

1 7 

1 63 

17 D 

4 

“ 5 

8 7 

4 4 

2 0 

1 43 

15 0 

5 

“ 6 

7 7 

2 7 

4 2 

1 20 

11 7 

6 

“ 7 

11 1 

4 2 

2 0 

1 77 

18 7 

7 

“ 8 

9 1 

3 C 

5 1 

1 51 

15 9 

9 

“ 12 

9 9 

4 8 

2 0 

1 40 

15 1 

10 

“ 13 

8 5 

2 8 

2 0 

1 69 

16 4 

11 

“ 14 

8 4 

2 8 


1 66 

16 5 

12 

" 15 

10 2 

6 0 

1 9 

1 66 

17 2 

13 

" 18 

9 4 

3 6 

1 5 

1 14 

12 5 

14 

“ 19 

9 9 

2 6 

3 5 

1 44 

16 5 

17 

“ 22 

7 6 

1 5 

1 9 

1 19 

12 5 

19 

“ 27 

9 5 

5 0 

3 7 

1 59 

17 1 

Mean 


9 1 

3 9 

2 5 

1 47 

15 5 

S D 


±0 9 

±1 3 

dbl 1 

±0 18 

±0 6 


* Corrected for mean corpuscular volume 


clmieal conditions affecting leucopoiesis, and for comparison vath cor- 
responding values foi erythrocjdes The development of better techniques 
for handling leucocytes is now in progress 
The use of the million cell unit for erythrocytes also invohms the same 
sources of error in about the same degree However, the calculation of 
unit zinc content of red cells on the basis of hematociit and led count 
permits comparison of unit zinc concentrations in anemias and other 
disturbances of erythropoiesis with the normal 
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Inspection of the data in Tables I and II shows that the values for whole 
blood, plasma, leucocytes, and eiythrocyi^s in males, females, and m the 
totals vary over a fairly wide range The measurements performed on 
one mdividual (Case 53) are of the same order of magmtude as found 
m the senes of normals, though both their range and standard deviation 
are much narrower They occupy the central region of a bypotbetical 
distribution curve plotted for the data obtained from the senes 
The vanations and standard deviations of the white blood cell measure- 
ments are greater than those observed m the other categones This 
could be predicted from the technical limitations imposed by the processing 
of leucocytes, as described above Furthermore, the total zinc content of a 
leucocyte sample is of necessity small, because of the small number of 
white cells m circulation 

The larger aliquots of whole blood, plasma, and red cells obtainable for 
routine analysis contain about 5 times as much zinc as is contained m all 
the white cells from 15 cc of whole blood Since the percentage error of 
zmc extraction tends to be constant, the absolute error will of necessity 
be greater for white cells than m the case of whole blood, plasma, or red 
cells 

The distribution curves shown m Fig 1 graphically express these facts, 
and are plotted from data obtamed m normals given in Table III The 
incidence is plotted for males, females, and total cases Fig 1, A is the 
curve for the directly measured whole blood zmc content The curve is 
symmetrical and the mode closely approximates the anthmetic mean 
The distnbution curves for plasma. Fig 1 , B, for leucocytes. Fig 1 , C, 
and for erythrocytes, Fig 1, D, are plotted, not from the directly meas- 
ured unit values, but from the “reconstructed” value of zmc m 1 cc 
of whole blood due to the particular component given m Table III It v as 
felt that the latter values more closely represented a fractional analysis of 
blood than did the direct determmations 
The curve for plasma, though nearly symmetncal, appears to be slightly 
skewed to the left It will be noted that three of the cases fall v ell to the 
positive side of the mean There was a reasonable probability that these 
values may have been high due to accidental contamination with zinc 
but, since the evidence is not conclusive, they are mcluded in the senes 
The mclusion of these three cases raises the mean If these are omitted, 
the mean falls to 1 53 7 per ml , whereas the mode is approximated at 1 25 
Thus biological sigmficance cannot be attnbuted to the skewness of the 
cuiv’e 

The cun^e for leucoc 5 i;es is grouped around a mean 1 alue of 0 21 7 per ml , 
vnth a mode of 0 170 Here again the mean is slightlj lugher due to the 
mclusion of tw 0 cases with values much greater than the mean \ alue plus 
twee the standard deviation It should be stated that the absolute quan- 
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titles of Zinc measured m the samples arc extremely small, so that losses m 
piocessmg, which would not show up in samples of whole blood or of the 
other components, could be sufficient to account for the predominantly low 
values foimd m the majority of cases 


WHOLE BLOOD 



PLASMA 



micrograms per ml of whole blooil 
duo lo plasma 


LEUCOCYTES 



mlcrogroms per ml of wholo blood 
due to leucocytes 


ERYTHROCYTES 



mlcrogroms per ml of wholo blood 


due to erythrocytes 

Fig 1 Distribution curves of zinc content of whole blood, plasma, leucocytes, 
and erythrocytes in normals 


The distribution curve for red cells. Fig 1, D, is symmetrical and shows 
little skevTiess 

It IS apparent that no significant difference exists between sexes in this 
series 
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Table III 

Zinc Content of 1 Cc of Normal Whole Blood Calculated from Umt Values of Plasma, 
Leucocytes, and Erythrocytes 


All values m nucrograms 


Erpenment 

No 

Fl&sma 



Total Zn in 1 cc of whole 
blood 

Per cent 
deviations 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Normal males 

23-1 



6 2 

7 7 

7 7 

0 

23-2 


BIB 

6 8 

8 4 

9 2 

-8 7 

29-1 


maEm 

5 8 

6 6 

7 6 

-13 2 

34-1 


0 20 

6 9 

9 5 

10 5 

-9 5 

36-1 


0 29 

5 6 


7 5 

-f 2 7 

73-1 


0 22 

5 5 


13 7 

-12 4 

80 1 


0 08 

4 0 


5 9 

-10 3 

80-2 


0 20 

4 6 


8 1 

-12 3 

84-1 

1 0 

0 15 

5 7 


6 3 

-f9 5 

85-1 

1 5 

0 14 

5 9 


7 0 

-f 7 2 

88-1 

2 0 

0 17 

8 9 


9 5 

-{-16 9 

88-2 

0 8 

0 19 

7 5 

8 5 

7 9 

■Pl 6 

89-1 

1 6 

0 25 

7 6 

9 4 

8 3 

-f 13 3 

90-1 

2 3 

0 25 

6 4 

9 0 

8 6 

+4 7 

99-1 

3 1 

0 12 

5 9 

9 1 


0 


2 1 

0 47 


10 3 


-{-12 0 


4 9 

0 15 


13 5 

14 8 

-8 9 

122-1 

1 4 


Hi 


9 3 


Mean 

2 10 

0 20 

6 4 

8 8 

8 9 

-0 1 

S D 

±1 40 

±0 095 

±1 25 

±2 03 

±2 0 

±10 0 

Normal females 

24-1 

1 8 

0 32 

5 6 

7 7 

9 1 

-15 4 

25-2 

1 8 

0 32 

6 0 

8 1 

8 5 

-4 7 

25-3 

1 2 

0 18 

6 6 

8 0 

7 9 

+1 3 

26-1 

0 g* 

0 24 

4 7 

5 8 

8 5 

-31 8 

28 1 

1 1 

0 19 

6 2 

7 5 

9 1 

-17 0 

282 

0 6 

0 47 

6 0 

7 1 

6 7 

+6 0 

31-1 

1 1 

0 23 

6 0 

7 3 

8 7 

-16 1 

76-1 

1 2 

0 13 

6 4 

7 7 

52 

-{-48 2 

77-1 

0 7 

0 13 

5 7 

6 5 

7 0 

-14 5 

82-1 

2 5 

0 22 

7 4 

10 1 



86 1 

3 1 

0 22 

6 1 

9 4 



86-2 

1 9 

0 14 

5 6 

7 G 

8 1 

-6 2 

86-3 

6 0 

0 17 

0 8 

13 0 

13 2 

-1 5 

87-1 

2 5 

0 14 

5 3 

7 9 



93-1 

2 5 

0 26 

7 8 

mam 

11 5 

—7 8 
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It should be stated that the large range of percentage deviations actually 
represents niinute diffeiences in the absolute quantity of zinc present in 
the materials measured Thus a loss or gam of 0 5 7 from a total of 5 7 
IS ±10 per cent, whereas the same quantity uould constitute only ±5 per 
cent of the total of 10 7 This statistical treatment of the data was carried 
thiough to show the inherent limitations of the technique In our opinion, 
howevei, the method appeals to be useful m clinical investigation 

Normally, red blood cell zinc constitutes 75 per cent, white blood cells 
3 pel cent, and plasma 22 per cent of total whole blood zinc Tlie greater 
portion of whole blood zinc is red cell zinc Ilouever, the mdividual 
leucocyte contains about 25 times as much zinc as the individual eiythro- 
cjde 

The data available at present do not disclose the possible differences in 
the zinc content of the various classes of leucocytes Such studies must 
await the development of techniques for obtaining pure specimens of the 
lymphoid and myelogenous series of white cells 

The findings presented suggest that zinc is a ph3'^siological constituent of 
blood, and its individual variations m concentration follou the mathemati- 
cal pattern of commonly observed biological distribution phenomena 

The normal values heie leported will serve as a base for companson of 
the results of studies of blood zinc levels m the blood dyscrasias, now in 
progress 

Inasmuch as these studies employ the combined use of the chemical 
analyses and a radioactive tracer, Zn'®, the data herein reported mil serve 
as a basis for the study of the utilization of zinc m hematopoiesis, and the 
transport and distribution of zinc in the normal state and m disease 

SUMRtA.EY 

1 The zinc content of normal human whole blood, plasma, leucocytes, 
and eiythrocytes m males and females has been determined 

2 Red blood cell zinc constitutes 75 per cent, plasma zinc 22 per cent, 
and white cell zinc 3 per cent of whole blood zinc m normal human blood 
The individual leucocytes contam about 25 times the amount of zme found 
in erythrocytes 

3 Zinc concentration in blood and its components follows the distri- 
bution pattern of phj'^siological norms 

We wish to aclcnowledge the technical assistance of Miss Mary L 
Roney, Miss M Elizabeth Hickey, and Miss Baibara M Clapp 

BIBLIOGRAPHY 

1 Delezenne, C , Ann Inst Pasteur, 33, 68 (1919) 

2 Lutz, RE ,J Ind Hyg , 8, 177 (1926) 



B L VALLEE AND J G GIBSON, 2ND 


457 


3 Burstem, A I , Biochem Z , 216, 449 (1929) 

4 Vogelenzang, E H. , Chem Afesir , 33, 6435 (1939), PAam IFecl 61 , 76, 89 (1939) 
6 Eggleton, W G E , Chinese J Physiol , 15, 33 (1940) 

6 Vallee, B L , and Fluharty, R G , J Clin Invest , 26, 1199 (1947) 

7 Vallee, B L , Fluharty, R G , and Gibson, J G , 2nd, 4th International Cancer 

Research Congress, St Louis, Sept 2-7 (1947) 

8 Gibson, J G , 2nd, Vallee, B L , Fluharty, R G , and Nelson, J E , 4th Interna- 

tional Cancer Research Congress, St Louis, Sept 2-7 (1947) 

9 Vallee, B L , and Gibson, J G,2nd,J Biol C/iem , 176, 435 (1948) 

10 Evel 3 Ti, K A , / Biol Chem , 116, 63 (1936) 

11 Vallee, B L , Hughes, W L , Jr , and Gibson, J G , 2nd, Blood, Suppl , 1, 82 

(1947) 



